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CAUTION 


The experimentation with, and the use of, pyrotechnic materials can be dangerous; it is felt to be important for the reader to 
be duly cautioned. Without the required training and experience no one should ever experiment with or use pyrotechnic ma- 
terials. Also, the amount of information presented in this Journal is not a substitute for necessary training and experience. 


A major effort has been undertaken to review all articles for correctness. However, it is possible that errors remain. It is the 
responsibility of the reader to verify any information herein before applying that information in situations where death, in- 
jury, or property damage could result. 
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Evaluation of the Hazards Posed by High Energy Bangers 
Part 1. Noise, Overpressure and TNT Equivalence 


R. K. Wharton, D. Chapman and A. E. Jeffcock 
Health and Safety Laboratory, Harpur Hill, Buxton, Derbyshire, SK17 9JN, United Kingdom 


ABSTRACT 


The work reported in this paper was under- 
taken to determine the hazards posed by certain 
types of European bangers (firecrackers) that 
use flash composition. Experiments were done 
to evaluate the overpressures and noise levels 
close to such fireworks when they function. 


The results indicate that powerful flashban- 
gers could cause hearing damage to those in 
their immediate vicinity. 


The TNT equivalences derived from over- 
pressure for the barium nitrate and potassium 
perchlorate flashbangers tested were found to 
be 25 and 57%, respectively. 


Keywords: noise, overpressure, TNT equiva- 
lence, flash composition, bangers, firecrackers 


Introduction 


The 1988 British Standard BS7114"! defined 
the types of fireworks that could be sold to the 
general public in the United Kingdom (UK). 
Category 2 bangers could contain up to 1.6 g of 
gunpowder (blackpowder) as the explosive 
charge and should not cause injury to a person 
5 m away, while Category 3 bangers could con- 
tain up to 10 g of an unspecified explosive com- 


position and should not cause injury to a person 
at a distance of 25 m from the firework. 


The sale of bangers was banned in the UK in 
1997 on safety grounds. Prior to this, flashban- 
gers had been classed as Category 3 items. 


Work is currently underway to produce a 
European (CEN)”! Standard for Fireworks,!! 
Table | gives details of the net explosive con- 
tent of the proposed categories for flashbangers. 


Additionally, the CEN standard sets maxi- 
mum sound level requirements of 120 dB (Alimax) 
at 1, 8 and 15 m for Category 1, 2 and 3 bang- 
ers, respectively. 


Typical flash compositions used in fireworks 
contain mixtures of either barium nitrate or po- 
tassium perchlorate with a metal powder. 


The programme of work undertaken to quan- 
tify the hazards from energetic bangers was 
composed of two parts. The first study, which is 
reported in this paper, involved examination of 
the near field blast and medium range noise 
effects produced by the initiation of flashbang- 
ers containing the two types of composition 
under consideration by the CEN committee. 


The second component of the study involved 
qualitative experiments to simulate and record 
the effects produced by different flashbangers 
when they function while being held. This work 
will be reported separately." 


Table 1. Net Explosive Content Proposed by CEN Committee CEN/TC212 for Flashbangers. 


Banger Type Category 1 


Friction ignited 


0.3 nitrate based 
0.2 perchlorate based 


Flashbangers 
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Net Explosive Content (g 
1.0 nitrate based 
0.5 perchlorate based 
1.0 nitrate based 
0.5 perchlorate based 


6.0 nitrate based 

3.0 perchlorate based 
10.0 nitrate based 

5.0 perchlorate based 
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Manufacture of Bangers 


To simplify the experiments, the bangers for 
the tests were made with an electrical ignition 
system, rather than a manually lit fuse, and no 
work was undertaken with friction ignited flash- 
bangers. The bangers were specially manufac- 
tured by Standard Fireworks (now Black Cat 
Fireworks) of Huddersfield, UK. 


The pyrotechnic materials chosen for the test 
programme were: 


1) barium nitrate / aluminium powder 
2) potassium perchlorate /aluminium powder 


Since various types of cardboard tube can be 
employed in making bangers, it was decided 
that each firework would be produced in three 
tube types (i.e., weak, medium and strong). Also, 
since closures can be made of either paper or 
clay, each type was produced with two types of 
end plug. Different strengths of tubing were 
achieved by using rolled cardstock with differ- 
ent degrees of perforations. This is a common 
industry practice for banger construction as it 
introduces points of preferential weakness. 


End plugs were either a standard clay type 
or a paper end-disc glued in place and then 
sealed with a layer of hot glue melt. Ignition in 
all instances was achieved by initiating an elec- 
trical fusehead (electric match) that had been 
incorporated beneath a tapered plug at the top 
of the firework. 


Table 2. Type of Composition and Net 
Explosive Content Used in the Bangers. 


Net Explosive 
Content (g 
Pyrotechnic Composition 


Potassium perchlorate / 
aluminium powder 
Barium nitrate / 
aluminium powder 


* These values would apply to friction ignited 
flashbangers. 


Details of the net explosive content of the 
manufactured bangers are given in Table 2. 


Physical measurements were made on ran- 
domly selected fireworks to check compliance 
with these requirements and the results are 
summarised in Tables 3 and 4. 


All the bangers showed some variation in 
the amount of composition they contained, but 
this was typical of similar manufactured goods. 


The oxidiser metal ion was measured by 
flame emission atomic spectroscopy: the barium 
nitrate bangers had a mean barium nitrate con- 
tent of 64.6% compared with a specified level 
of 68%. Similarly, the potassium perchlorate 
bangers had a mean potassium perchlorate con- 
tent of 68.8%, compared with the specified 71%. 
These minor deviations in chemical composi- 


Table 3. Measurement of Barium Nitrate / Aluminium Bangers. 


Length 
Type (mm) 


Tube Outside 
Diameter 


| Small tube 
Medium tube 
Large tube 


wn 9-80— 70.20 | 
A O7-FO-107 85 | 
139.65-140.05 


wnt 0;907171:10 
m2; 3072350 
23.10-23.50 


..5.45-5.55 


Wall 
Thickness 


Mass of 
composition 
(9) 
1nd: 846.71 
9.69-10.99 


Type of 
closure / tube 


2 AO 72,30 | ..Clay /medium | 
cardboard / strong. |. 
clay / strong 


5.20-5.50 


Table 4. Measurement of Potassium Perchlorate / Aluminium Bangers. 


Tube Outside 
Type (mm) 
Small tube 69.90—70.50 
Medium tube | 107.20—107.60 
Medium tube | 107.75—107.95 
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17.70-17.85 | 


Wall 
Thickness 


Mass of 
Composition 


Closure / 
Tube Type 


cardboard / weak 


2.45-—2.50 


4.63-5.22 
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Figure 1. Measured overpressures from bangers containing barium nitrate and potassium 


perchlorate flash compositions. 


tion were expected to have little effect on the 
overall performance of the bangers when com- 
pared with the effect of altering the masses of 
the compositions. 


Experimental Programme 


An experimental programme was_ under- 
taken to gain information on the blast and 
sound pressure levels generated by energetic 
bangers. Key elements of the programme were: 


¢ All experiments (noise and blast measure- 
ments) were done outdoors. 


¢ For each experiment, a record was taken of 
ambient temperature, ambient pressure, 
wind speed, and wind direction as well as 
the primary blast and noise data. Relative 
humidity was also recorded for each block 
of tests. 


e Noise levels for each firework were meas- 
ured at the proposed CEN Standard ‘test- 
ing’ distances of 

Category2 8m 
Category3 15m 
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¢ Pressures were monitored using four spear 
gauges (PCB type 137A23) mounted in a 
plane 1.5 m above ground and at distances 
of 0.2, 0.4, 0.6 and 1.0m from the fire- 
work. 


¢ Sound pressure levels (SPL) were meas- 
ured using six calibrated recording instru- 
ments (CEL-414/3C) situated at distances 
of 1, 8 and 15m from the functioning 
point and in two planes at right-angles to 
each other. 


e Tests were undertaken with fireworks se- 
lected in a random order. 


¢ Each firework type (i.e., net explosive con- 
tent / tube / closure) was tested 5 times. 


Blast Overpressures 


The use of Hopkinson/Cranz scaling for dis- 
tance permits experimental overpressure data to 
be used for estimating the overpressure of any 
mass / distance combination. Figure | illustrates 
the results from the tests with flashbangers and 
incorporates overpressures measured using the 
spear blast gauges and those derived from noise 


Page 3 


Table 5. Constant Terms in the Relationship Linking the Decay of Mean Overpressure with 


Scaled Distance. 


Constants 


Pyrotechnic Composition 


Barium nitrate / aluminium 


b Correlation Coefficient (R*) 


Potassium perchlorate / aluminium 


measurements (converted to pressures from deci- 
bels). Mean values for a particular composition 
are shown, irrespective of tube type and closure 
since these parameters were found to exert little 
influence. In evaluating the results, the experi- 
mentally determined mean mass of composition 
was used to calculate the scaled distances. 


The combined pressure and noise data were 
used to determine the dependence of the decay 
of overpressure with scaled distance (z) for each 
composition. The relationships are of the form 


Overpressure (mean) = 10% s@) +) 


where z is the Hopkinson/Cranz scaled distance 
(m:kg *) and the constant terms are defined in 
Table 5. 


The primary variables that affect the results 
are the net explosive content and the type of pyro- 
technic composition used. As reported above, 
the effects of tube type and tube closure, though 
statistically measurable, were small compared to 
the effect of the pyrotechnic composition used. 
The effect of relative humidity was not statisti- 
cally determinable for all banger types as it was 
subsumed within the random variability in the 
pressure and noise readings. A slight, statisti- 
cally relevant, effect of wind speed on the noise 
measurements from potassium perchlorate / 
aluminium bangers was noticed, but the effect 
was so small that it can be ignored in any calcu- 
lations to determine the pressure / distance rela- 
tionship. 


TNT Equivalence 


It is common for the blast effects from ex- 
plosions to be presented using a TNT-equiva- 
lence (TNT,),'°! and compositions containing 
mixtures of aluminium and potassium perchlo- 
rate (such as are used for producing light and 
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sound effects) are known!” to generate blast 
waves similar to TNT when they explode. In 
general, lower energy pyrotechnics that defla- 
grate react much more slowly than conventional 
high explosives. As a result, the corresponding 
pressure wave is usually of much lower ampli- 
tude initially and of much longer duration. Even 
though information on the blast parameters from 
pyrotechnic compositions is somewhat limited, 
and the ability of pyrotechnics to cause blast 
damage is different to TNT-type explosions, it 
is still usual and convenient to equate them all 
to TNT. 


There is a considerable amount of published 
work relating to the estimation of blast effects 
(blast scaling), although the majority of the stud- 
ies have little application to relatively small 
distances from the explosion source. However, 
Yallop™! has given the pressure at 1m from 
100 g of TNT derived from Cook’s equation,"”! 
and De Yong and Campanella!'”! have published 
data for the blast wave characteristics from 200 
to 1000 mg quantities of pyrotechnics measured 
at 1 m. 


The difficulty with theoretical estimation of 
blast damage from bangers is that the effect of 
the confinement of the tube on the blast charac- 
teristics (i.e., on TNT,) is not known. However, 
De Yong and Campanella'’”! have performed 
experiments with confined pyrotechnic powders 
that suggest that the TNT. of MRL(X)210 (po- 
tassium perchlorate /aluminium / acroid resin in 
59:40:1 proportions) is 60%. 


A recent paper by Merrifield and co- 
workers!''! reported TNT, values in the range of 
40 to 130% for flash composition (30% alumin- 
ium /70% potassium perchlorate) with the lower 
figure applicable to confinement in a firework. 
This lower value is broadly in keeping with the 
TNT, values of 20 to 60% quoted by Contesta- 
bile and Augsten!"”! for firework report shells. 
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Table 6. Values for the Constants A and B in the Equation SPL = A D+ B Used To Define the 
Dependence, at D > 10 m, of the Peak Sound Pressure Level (SPL) on Distance (D). 


Firework 


Ace || Correlation Coefficient (R* 


Table 7. Values for the Constants A and B in the Equation SPL = A In(D) + B Used To Define 
the Dependence of Peak Sound Pressure Level (SPL, dB(C)) on Distance (D, m). 


Potassium perchlorate / aluminium banger (5g) 


Using published methods!'?! and the data 
presented in Figure 1, it is possible to calculate 
TNT, values of 57.3 and 24.9% for potassium 
perchlorate /aluminium and barium nitrate / alu- 
minium compositions, respectively. The results 
are in keeping with relative magnitudes of the 
peak overpressure data for perchlorate and ni- 
trate flash salutes reported by Kosanke and Ko- 
sanke!'“! and with the literature values for the 
TNT, of pyrotechnics given above. 


Noise 


From the sound pressure level (SPL) results 
it is possible to evaluate equations for the rela- 
tionships between SPL and linear distance (D, 
in metres). 


Earlier studies''*'®! have reported that a sim- 


ple linear relationship of the form 
SPL=AD+B 


where A and B are constants, adequately repre- 
sents the dependence. For values of D> 10 m 
and with SPL measured in units of dB(C),* this 


* There are a number of different measures of sound 
using dB scales. A-weighted (dB(A)) and C- 
weighted (dB(C)) are commonly used. They differ in 
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was again found to be the case. To enable com- 
parison with previous work, Table 6 gives the 
values of the constant terms. 


However, it was found that inclusion of near 
field data at D< 10 m introduced some curva- 
ture, and in these instances the results were bet- 
ter represented by the logarithmic equation 


SPL=A\n(D)+B 


The use of this equation produced a better over- 
all fit to the total data, yielding improved corre- 
lation coefficients, Table 7. 


The CEN fireworks committee has selected 
120 dB (Almax) as the noise level to be cited in 


the weighting given to different frequencies. The C- 
weighted scale approximates to a flat response while 
the A-weighting “corrects” the values at different 
frequencies to reflect the response of the ear. For 
further reading on sound measurement see: 

A. Barber, Handbook of Noise and Vibration Con- 
trol, Elsevier Science Publ. Ltd, Oxford (1992) pp 
18-21. 


D.A. Bies and C. H. Hanson, Engineering Noise Con- 
trol, Theory and Practice, E & FN Spon, London 
(1988) pp 72-76 

K. D. Kryter, The Effects of Noise on Man, Academic 
Press, Inc. Orlando (1989) pp 10-14. 
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Table 8. Distances for 140 dB(C) Derived from the Logarithmic Relationship and Mean Mass 
Data and also from the Overpressure / Scaled Distance Equation. 


CEN Net 


CEN Content 


Composition Categor 


Barium nitrate / 
aluminium 


Mean Mass CEN 
Explosive | of Composi- | ‘testing’ 
tion in this 


Distance for | Distance for 
140 dB(C) 140 dB(C) 
Evaluated Evaluated 

from log from Scaled 

Distance | Relationship Distance 

Equation (m 


Potassium perchlorate / 
aluminium 


the draft standards at various specified (testing) 
distances. From published work'!'®! this equates 
to approximately 140 dB(C), and this value can 
be substituted into the above equation to yield 
values of D using the constant terms derived for 
the various fireworks. 


Table 8 summarises the results and indicates 
that, at the proposed CEN ‘testing’ distances of 
1, 8 and 15m, the sound levels for the flash 
compositions examined in this study will ex- 
ceed 120 dB(Alinax) in all cases. 


However, since the mean mass of composi- 
tion contained in the various fireworks varied 
from the CEN notional masses, a more accurate 
means of calculation involves use of the over- 
pressure / scaled distance relationship to calcu- 
late overpressure (and hence noise) at the flash- 
banger masses specified in the draft CEN stan- 
dards. These results are also presented in Table 8. 


An equivalent treatment for Category | flash- 
bangers produces distances for 140 dB(C) of 8.2 
and 9.5 m for the barium nitrate (0.3 g) and po- 
tassium perchlorate (0.2 g) compositions, respec- 
tively, when the CEN ‘testing’ distance is | m. 
Figure 2, derived from the overpressure / 
scaled distance relationship, illustrates the dis- 
tances from high energy bangers required for 
the noise to have reduced to 140 dB(C). 


Previously published data!'®! on the noise 
levels produced at the CEN testing distance of 
15m by commercially available Category 3 
bangers using nitrate and perchlorate composi- 
tions have indicated that the perchlorate bang- 
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ers should be ranked above the nitrate bangers 
in terms of potential noise hazards. However, 
for the Category 3 fireworks manufactured spe- 
cifically for this study, the difference in perform- 
ance of the two compositions is largely ac- 
counted for by the different net explosive con- 
tent prescribed for each type. 


The British Standard for Fireworks!'! states 
that BS Category 3 fireworks are for use in large 
open spaces and should not cause injury to peo- 
ple standing 25m away. Advice is also given 
that people lighting these fireworks should wear 
suitable personal protection. It is noted from 
Table 8 that noise levels in excess of 140 dB(C) 
will occur at distances greater than 25 m from the 
firework for barium nitrate / aluminium bangers 
with 10g of composition and for potassium per- 
chlorate / aluminium bangers with 5 g of com- 
position. 


Conclusions 


From this study, it is apparent that both CEN 
Category 2 and Category 3 bangers containing 
flash compositions are a major hazard if mis- 
used. Hearing damage to the user from these 
bangers could be severe, and noise hazards to 
bystanders could become unacceptable. 


The noise generated by the two types of 
banger compositions investigated in this study 
has been found to be greater in the perchlorate 
bangers than the nitrate ones for flashbangers of 
equal net explosive content, but at the proposed 
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— - Perchlorate Flash 
—e Nitrate Flash 


Distance (m) 


0 2 4 


8 10 12 


Mass of Flash Composition (g) 


Figure 2. Distance required for the banger noise level to reduce to 140 dB(C). 


CEN Standard net explosive contents for Cate- 
gory 2 and Category 3 bangers, the fireworks 
produce similar sound levels. 
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5] __ Application 


of Cesium and Rubidium Compounds in Pyrotechnics 


Ernst-Christian Koch 
Morlauterer StraBe 103a, D-67567 Kaiserslautern, Germany 


ABSTRACT 


The application and thermochemical behav- 
ior of pyrotechnics based on rubidium and 
caesium compounds are reviewed. 


Keywords: alkali metal, cesium, pyrotechnics, 
rubidium 


Introduction 


The application of the salts of sodium and 
potassium in pyrotechnics has a long tradition, 
but there is little information available on the 
application of the salts of the heavier alkali 
metals: rubidium (Rb) and cesium (Cs). Al- 
though they are not used in civilian fireworks, 
compounds of these two elements do find ap- 
plication in technical and military pyrotechnics. 


Application in Fireworks 


a) Flame Color 


The testing of both caesium and rubidium salts 
for firework applications stems from the fact 
that alkali metals in general yield intense visible 
emission due to radiative transitions of the s'- 
electrons. In addition, the names “czesium” (de- 
rived from Latin “czesius” = sky blue) and “ru- 
bidium’(derived from Latin “rubidus” = dark 
red) may imply that these elements impart sky 
blue and dark red color to flames. Unfortu- 
nately these incorrect suppositions have found 
their way into such fundamental pyrotechnic 
literature such as Douda’s “Theory of Colored 
Flame Production”!! and Ellern’s Military and 
Civilian Pyrotechnics.”! Actually the names 
originated with Kirchhoff and Bunsen, who dis- 
covered both elements in the spa of Bad Diirk- 
heim, Germany, and they based the names on 
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the sky-blue spectral lines of caesium [455.5 
and 459.3 nm] and the dark red spectral lines of 
rubidium [780.0 and 794.8 nm], respectively." 
Nevertheless, from the literature it is known 
that both elements when applied to the labora- 
tory burner flame yield colors similar as potas- 
sium."! This is because the prominent color lines 
from which rubidium and cesium were given 
their names are not the only features in the visi- 
ble spectra of flames containing these elements. 
As well as its two deep red lines from the 
2 2 
5p Pyy > 5s°S y, 
transition, the spectrum of rubidium has two 
blue-violet lines [421.6 and 420.2 nm] that come 
from the 
2 2 
6p Pyy > 5s°S y, 
transition, which is analogous to the 
2 2 
7p Pyy —> 6s°S y, 
transition that produces the two sky blue lines 
in the spectrum of cesium. The spectra of both 
elements also have lines in the red, orange, yel- 
low and green regions that arise from electronic 
transitions between the excited states. In addi- 
tion, the spectra also display continuous emis- 
sions, which have been attributed to several dif- 
ferent processes described below: 


The ease of ionization of both Rb and Cs 
gives rise to M’ and e species yielding contin- 
uum radiation upon recombination (eq 1) 


M* +e ~>M+h-v (1) 


where M is Rb or Cs, A is Planck’s constant 
[6.626 x 10 ** J-s'], and v is the frequency [s ']. 


Furthermore, it is assumed that thermal line 
broadening of the minor series lines'*”! provides 
a quasi continuous spectrum, and finally the 
known reaction 


M+OH>M OH+h-v (2) 
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Table 1. Thermochemical Properties of Alkali Metal Sulfides and Sulfates. 


PKS | KSO, |  RbS | RbSO, | Cs __|__CsS0,_| 


smnfed S12°73-8 | 7778-80-9 | 31083-74-6 | 7488-94-2 | 12214 16-3 | 10294-94-9... 


948 1069 425 


203002 .. 


Pc Cem ee A ee nea 
1050 515 1005 


where M is Rb or Cs and is also assumed to 
contribute to the continuous radiation.'*! Thus 
atomic emission of czsium or rubidium with 
traditionally composed pyrotechnics cannot 
yield distinct colors other than whitish pink to 
violet. In terms of suppressing the minor line 
radiative transitions it is known that a cooler 
flame or generally speaking an excitation at 
lower temperature may help to suppress radia- 
tive transitions between higher quantum lev- 
els.'” This is in accord with Boltzmann’s equa- 
tion (eq 3), which calls for a higher number of 
atoms in the excited state with rising tempera- 
ture. That is, 


Ne, Pe a) 
a ° 


where NV, and N, designate numbers of atoms in 
either excited or ground state, P. and P, desig- 
nate statistical factors that are derived from the 
number of states energetically equivalent at a 
given quantum level, E, designates the energy 
difference between the ground and excited state 
in Joules, k is Boltzmann’s constant [1.38-10°7° 
J-K"'], and T designates the absolute tempera- 
ture in Kelvin. Indeed, references 5 and 8 both 
state that with rising flame temperature the metal 
spectra become more brilliant and display more 
lines than at lower temperatures. 


Weingart"! confirms that lowering the flame 
temperature may be a feasible approach to re- 
duce unwanted radiative transitions. He proposes 
that simple blue colors can be made by dissolv- 
ing caesium carbonate in ethanol and then burn- 
ing it with a cotton wick. Although this experi- 
ment yields a gray-blue colour at the side of the 
flame, the top of the flame, which is known to 
be the hottest part of the flame, still yields a 
whitish pink flame." 


Jennings-White!'”! applied both nitrates and 
perchlorates of rubidium and cesium in pyro- 
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technic formulations. In these experiments the 
flame color was always white or whitish pink- 
violet. Especially in the case of formulations 
containing halogens, this is not surprising since 
rubidium chloride (RbCl) as well as czsium 
chloride (CsCl) are known to produce emis- 
sions exclusively in the UV.!'!*"! 


Hiskey,''”! in his reply to a comment by 
Webb, states that he tried CsCl as a replacement 
for copper(I) chloride (CuCl) in high nitrogen 
containing pyrotechnics, but had no luck in ob- 
taining a blue color. 


b) Glitter Formulations 


Verifying different theoretical approaches 
for glitter stars, Jennings-White!'*! tested both 
cesium nitrate (CsNO3) and rubidium nitrate 
(RbNO;) as substitutes for potassium nitrate 
(KNO;) in glitter formulations. Oglesby’s the- 
ory,''*! whereby the glitter effect is based on the 
intermediate formation of potassium sulfide 
(KS) that would be subsequently oxidized in air 
to potassium sulfate (K2SO,), was confirmed. 
Table 1 gives the melting points of the sulfides 
and sulfates of potassium, caesium and rubid- 
ium. In addition, cassium sulfide is known to 
oxidize easily in air when ignited with a propane 
flame.!*! Jennings-White describes glitters with 
either RbNO; or CsNO3 as showing bright sil- 
ver and impressive terminal delayed flash. As 
expected, these formulations did not impart any 
color to the flame. 


Table 2 lists formulations with both nitrates 
and perchlorates of Rb and Cs tested by the au- 
thor'! and Jennings-White.''®'*! None of these 
formulations provided a distinct color. 


No successful experiments have been re- 
ported in the literature to produce colored flames 
with either rubidium or czsium salts. 
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Table 2. Formulations with Nitrates and Perchlorates of Rb and Cs. 


A | ii 6) re 0 11 
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Tetrachloro- 
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Zr(C5H7O2)4 
Zirconium(IV)- 
Lpentandionate Jou 


Flame color whitish 


Effects sparks | strobes | strobes 


feces y esheets etd tattosda baghdad iatan ge 


Technical and Military Applications 


Although of no practical use for fireworks, 
both rubidium and czesium have been thoroughly 
investigated by technical researchers and have 
subsequently found application in military and 
technical pyrotechnics. Admittedly, rubidium 
compounds have found only very minor appli- 
cation, because there are no rubidium minerals 
and because rubidium compounds are available 
only as by-products of the extraction of lithium 
and cesium.?*! The interest in rubidium and 
czesium is mainly due to their emissions in the 
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far red (Rb) and the near infrared (Cs), and to 
the low ionization energy of both metals and 
the consequent ease of thermal electron emis- 
sion, which gives rise to a number of interesting 
applications. 


a) Devices Using Ionization of Czsium and 
Rubidium 


Ionization of chemical species in flames has 
long been known. As early as World War II 
German researchers, developing the A4 liquid 
propellant powered ballistic missile, found that 
the highly ionized plume (estimated ~10° ions 
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(1) Undistorted ray 
(2) Diffraction at underdense plasma 


(3) Diffraction at overdense plasma 


Antenna 


Nozzle 


Plume 


Figure 1. Antenna pattern in the wake of a missile with either an underdense or overdense plume. 


per cubic centimeter) interfered severely with 
then applied 50 MHz radio guidance system.!'*! 
In the 1950s to 1960s as missile development 
grew in the U.S. this problem was addressed by 
Balwanz.''®! He investigated the distortion of 
the antenna pattern of guided rockets from the 
effects of the plume (Figure 1). 


This interaction between rocket plume and 
radio signals is due to thermal ionization of the 
main flame gas constituents and, in the case of 
composite propellants, due to thermoionic emis- 
sion from either aluminum oxide and/or ioniza- 
tion of alkali metal impurities (Na, K, Cs) in the 
composite propellant. Flames possessing high 
electron densities may be considered as low 
temperature plasmas. The electrical properties 
of plasma may be described by the so-called 
plasma frequency @,. 


2 
o, = [* "| (4) 


m 


e 


where e denotes the charge of the electron, n, 
denotes the electron density and m, denotes the 
mass of the electron. 


In the interaction of an electromagnetic wave 
and plasma, if the plasma frequency @, is much 
larger than the angular frequency v of the inci- 
dent wave, the plasma may be considered a good 
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reflector to the wave and is thus designated as 
“overdense” (Figure 1). As soon as this effect 
was recognized, it was studied primarily with the 
aim of finding ways of reducing it as has been 
done, for example, by Sukhia!'’” who investi- 
gated the antenna pattern distortion of towed 
aerial targets by the burning of IR tracking flares. 


The ease of ionization of the heavy alkali 
metals such as rubidium and cesium in flames 
was envisioned as being useful for certain tech- 
nical and military applications. 


Shidlovsky as early as 1964 refers to the 
work of Fagg and Friedman producing cesium 
plasma by combustion of casium perchlorate 
(CsC10,)/aluminum (Al) mixtures.''*! Fagg also 
investigated CsNO;/Al pyrotechnic mixtures for 
producing czesium plasma in upper atmosphere 
electron diffusion studies.''”! In this work the 
electron density of both stoichiometric CsClO. 
and CsNO;/Al plasmas was measured by de- 
termination of the half-widths of the 546.7, 
550.4, 563.8 and 566.4 nm Cs lines and was 
compared to thermochemical calculations. 


Figures 2a and 2b give the molar fraction of 
electrons and temperature in flames produced 
by CsClO,/Al and CsNO;/Al mixtures, calcu- 
lated for a pressure of 0.1 MPa. Figures 3a and 
3b give the respective values for the rubidium 
systems. 
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Figures 2a and 2b. The molar fraction of electrons as a function of & (Al) in CsClO4/Al (upper) and 


CsNO3/AI (lower) mixtures at 0.1 MPa pressure.!”° 


It can be seen that within a given chemical 
system that the electron fraction is mainly a 
function of the etc tatute of the system. The 
Saha-Eggert equation”! [equation 5] gives the 
degree of ionization x; of a given gaseous sys- 


tem. 
ae . 
r 2 
a 2 zit 2 Ep [ kT ip E, 
ee ZA A 2p \.E, kT 


(5) 


In the case of alkali metals, the partition 
functions Z; and Z, for the ion and the atom are 
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1 and 2, respectively, thus simplifying the equa- 
Pe _ (= 


tion to give 
3 
2 5 E. 
= £ | .(kT)2 exp—| —£ 6 
(-x;) | ee a - 


where / is Planck’s constant [6.62608x10 “4 J-s], 
E, denotes the ionization energy of both Rb 
(4.177 eV) and Cs (3.894 eV), m. denotes the 
mass of the electron [9.10939 x 107! kg], Py = 
Pa + Pi; Where p, denotes the partial pressure of 
the atoms and where p; denotes partial pressure 
of the ions, k denotes Boltzmann’s constant 
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Figures 3a and 3b. The molar fraction of electrons as a function of & (Al) in RbCIO,/Al (upper) and 
RbNO;/Al (lower) mixtures at 0.1 MPa pressure.! 


[1.38088 x 10 °° J-K '] and 7 denotes the absolute 
temperature of the system. Although 7;is higher 
for the CsClO,/Al system (Figure 2a), the elec- 
tron concentration is only about 50% of the 
CsNO;/AI system (Figure 2b). This lower elec- 
tron concentration is due to the formation of the 
Cl species, which scavenges the electrons in 
the case of the perchlorate system. In compari- 
son, the rubidium systems, due to the higher 
ionization energy of Rb, yield lower electron 
concentrations but qualitatively show plots that 
are quite similar to the czesium system. 


Since caesium plasmas have been considered 
as ideal working fluids for magnetohydrody- 
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namic (MHD) electric power generation,'*!! 


Flanagan'”! proposed to apply pyrotechnic com- 
positions made of 65—75% diczesium tetranitro- 
ethane [(CsC(NO2)2)2], 15-20% energetic binder 
(e.g., Glycidyl Azide Polymer (GAP)), 15-20% 
metallic fuels (e.g., zirconium (Zr)) and ~5% 
CsNO; to generate a ceesium-containing plasma 
yielding electron densities of up to 2.25 x 10'° 
e-cm’. This composition looks quite similar to 
the system from Maéek’s older work!*! on en- 
ergetics yielding high electron densities for 
seeding the upper atmosphere. Maéek for this 
purpose applied stoichiometric compositions 
that were based on hexanitroethane (C2N¢012), 
cesium azide (CsN3) and _ tetracyanoethylene 
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(C6N,). The equilibrium electron density was cal- 
culated as a function of €(CsN; ) and was found 
to be maximum at the following stoichiometry: 


5 C6Na + 3 CoN6O12 + 2 CsN3 


The composition was additionally investigated 
for thermal stability and was found to be stable 
when stored at a refrigerator temperature (+3 °C) 
and with exclusion of moisture. At ambient tem- 
perature and upon exposure to atmospheric mois- 
ture the composition would undergo rapid de- 
composition due to unstable hexanitroethane. 
Spontaneous ignition was found to occur be- 
tween 100 and 110 °C. The stoichiometric mix- 
ture was calculated to burn at 3660 K. By the 
line-intensity-method, the combustion tempera- 
ture was found be ~3520 K. The electron density 
was spectroscopically determined to be 6.5 x 10"* 
e-em’. 

Similarly as in Maéek’s work, casium pic- 
rate (CsO(C¢H2N30¢)) has been proposed as a 
monopropellant for MHD generators.'”#! 


Balwanz’>”*! investigated rocket exhaust 


plasmas based on combustion of stoichiometric 
CsNO;/AIl and KNO;/AlI with the aim of under- 
standing radio diffraction effects at either 10, 
23.5, 35 or 70 MHz in rocket motor plumes. He 
showed that the electron concentration in plumes 
generated by CsNO;/AI payloads were depleted 
via electron attachment to aluminum oxide 
(Al,O3) particles, which is in accord with 
Maéek’s approach to exclude condensable spe- 
cies in a plasma generating mixture. 


Another application using the ease of ioniza- 
tion of czesium in pyrotechnic applications was 
given by Boettcher.'’”! He proposed pyrotechnic 
compositions in the form of sheets that may be 
applied to the nose of missiles. Upon re-entry 
into the earth’s atmosphere, these sheets would 
be ignited and would yield a high electron den- 
sity. The sheets are composed of 19-38% czesium 
chromate (Cs2Cr,07), 37-57% CsNO3, 4-5% 
boron (B), 14-15% Al and ~5% binder. Other 
sheets in this invention comprise 50-82% 
CsNO;, 14-47% Al, and 3-5% binder. 


Chemical tracer experiments have been car- 
ried out recently to obtain insight into the dis- 
tribution of rocket exhaust effluents in higher 
atmosphere regions from the standpoint of envi- 
ronmental chemistry.”*! Pyrotechnic payloads 
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based on CsNO3, Titanium (Ti) and B were used 
in these experiments. The chemicals in loose 
powder form were disseminated along the flight 
path of a missile. There again CsNO; served as 
both an oxidizer for Ti and B as well as an elec- 
tron source. 


For similar purposes, a pyrotechnic seeding 
pellet based on boron, nitrates, and magnesium 
aluminum alloy mixed with an unspecified 
cesium source, was disclosed in reference 29. 
This pellet is supposed to be ejected in the wake 
of re-entering spacecraft to generate electrons 
for analytical purposes. In addition, the inventor 
claims this device also to be useful as a radar 
‘spoof’ to decoy incoming radar-guided missiles. 


As a combined distress signal Cornia®”! pro- 


posed a device to provide free electrons for de- 
tection by radar. This device employs a com- 
plex mixture of magnesium, ammonium per- 
chlorate, caesium nitrate, hexachlorobenzene, 
Viton and fluoroacrylic binder. Alternatively, 
czesium perchlorate is proposed as a source of 
free electrons. The design of the device, which 
resembles a solid propellant rocket motor, pro- 
vides oscillating combustion due to a pressure 
rise in the combustion chamber and the large 
pressure exponent of the composition. This in 
turn gives rise to a strobe-like behavior of the 
signals, which, in addition to the free electrons, 
provides smoke, and emissions in the visible 
and infrared region.°"! 


Cohen”! studied the velocity of ions present 
in plasma generated by a stoichiometric CsNO;/ 
Zr mixture (3 CsNO; + 2 Zr) (7; ~ 3300 K) to 
provide insight into the electrical perturbations 
due to charge collection on the outside of space- 
crafts. He found the ion velocity, mainly based 
on the Cs‘-ion, to be ~1148 m-s!. 


From Wilson’s 1911 cloud chamber experi- 
ments, it is known that ions serve as condensa- 
tion nuclei for aerosols. Today, ion-induced 
nucleation is investigated with the aim of un- 
derstanding their mechanisms"?! as well as the 
environmental consequence (e.g., associated 
with release of easily ionizable material from 
nuclear power plants and nuclear reprocessing 
plants!**}), In view of this, Weber,**! in 1982 
developed a series of pyrotechnic smoke formu- 
lations based on either rubidium or cesium 
compounds to be used in smoke pots, hand gre- 
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Table 3a. IR-Smoke Formulations with Rb and Cs Compounds. 


Ingredient __| 1_|_ta_| tb | 2 | 2a | 2 | 3 | _3a_| 3b 
nea, 
ZnO 


nades, vehicle discharge grenades or projectiles. 
Weber succeeded in modifying a wide variety 
of existing visible smoke formulations to be 
used as effective screening agents in the ther- 
mal infrared (Tables 3a and 3b). The screening 
effectiveness of compositions was determined 
in field trials using three white plates heated to 
40 °C. The plates where positioned in a row 
10 m apart. The plates were observed with elec- 
tro optical (EO) sensors at 0.6, 3.5 and 10.6 um 
from a distance of 100 m. After determination 
of the undisturbed contrast value, the smoke 
charges were ignited ~50m from both the 
plates and the EO equipment and the contrast 
was evaluated again. As a footnote to Table 3b, 
(++) refers to 95-100% change in contrast, (+) 
refers to 80-95% contrast change, (—) refers to 


Table 3b. Performance of IR-Smoke 
Formulations. 


“*) for designation see text. 
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50-80% contrast change and (—) refers to 
change in contrast lower than 50%. In these 
smoke compositions, both Rb and Cs compounds 
become partially ionized and thus enhance the 
yield factor Y;: 


Ypo—& (7) 
f 
nD 


where m, is the mass of smoke and m, is the 
mass of the device, by enhancing the number of 
nuclei formed from the smoke reaction, as has 
been confirmed by measurements at ERDEC."**! 


Today the author’s company (DIEHL Muni- 
tionssysteme GmbH & Co KG) manufactures 
smoke ammunition based on CsNO3, Pirea) and 
Zr. In the case of red phosphorus (P(eay) aS an 
aerosol source, reactions in the smoke plume 
cause extremely intense broadband infrared 
emissions that are the result of exothermic acid- 
base processes between cesium hydroxide 
(CsOH) and phosphoric acid (H;PO,).°”! These 
broadband emissions result in lowered contrast 
and thus improved screening in both the 3-5 
and 8-14 um regions. 


b) Devices Applying Infrared Emission 


The 6p’P 434 > 6s°S transition in caesium 
2 


produces two intense but invisible lines in the 
near infrared [894.3 and 852.1 nm]. This has 
led to the application of caesium compounds in 
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Table 4. Emission Lines from MNO;/Mg 
Flares where M is Rb or Cs. “"! 


|. minor 
|. minor 


pyrotechnic compositions to provide convenient 
sources of near-infrared radiation for night vi- 
sion devices. Perhaps surprisingly, in view of 
the attempts discussed previously to use rubid- 
ium to make red flames, the deep red rubidium 
lines have also been investigated for this purpose. 


Night vision devices are widely used as elec- 
tro-optical equipment for surveillance, searching 
and tracking in the near infrared (NIR) region 
of the electromagnetic spectrum. Since these 
devices, when operated in a passive manner, 
require only a small number of photons from 
both the visible and the near infrared, additional 
illumination is required under certain conditions 
such as the new moon and clouded skies at 
might. Although conventional illuminating 
rounds would achieve enhancement of illumina- 
tion in the NIR, military tactics require con- 
cealed illumination. Thus NIR-illuminating 
sources must not be detectable in the visible 
range. 


Lohkamp'*?"! was the first to address the 
problem and to propose a “Black Nite Flare”, 
which combines both requirements such as illu- 
mination in the NIR as well as only slight emis- 
sion in the visible. Lohkamp advises the use of 
flares based on either CsNO; or RbNO3, hexa- 
mine, silicon and epoxy binder. This invention 
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applies the strong emission behavior of both 
alkali metals in the NIR as has been measured 
by Douda.'**! Douda observed intense emission 
bands for CsNO; and RbNO;3 compositions 
(€(Mg) =45% and 5% binder) as given in Table 4. 


While yielding only 65 cd output in the visible 
range, Lohkamp’s compositions (see Table 5) 
provide 14 W-sr | of radiation in the 0.7 to 1.0- 
uum range with a 40 mm cartridge flare. 


Table 5. IR Compositions Based on KNO;, 
RbNO; or CsNO."*! 


800-900 


Based on this knowledge, Nielson and 
Dillehay of Thiokol, improved these formula- 
tions, proposing either CsNO3/KNO, blends'*!! 
and CsNO;/ammonium nitrate (NH,NO3) or 
RbNO;/NH,NO; blends.'?! In addition, in re- 
cent years much work has been done by Nielson 
in adaptation of these compositions to varying 
manufacturing processes such as casting!**! and 
pressing.!“4) 


Similar to these applications are small arms 
tracers, which can be tracked in the NIR with a 
suitable enhanced night vision device for special 
operations. Although NIR tracer compositions 
are known to use barium peroxide (BaO;) as the 
oxidizer, because the gaseous combustion prod- 
uct barium oxide (BaO) provides intense emis- 
sions in the 800 to 900 nm range,'*! Nielson 
proposes the use of blends of both CsNO; and 
BaO, together with fuels such as boron and sili- 
con with vinyl acetate-alcohol resins as non- 
sooting binders.'**! In addition, both the rubid- 
ium and cesium salts of bitetrazole amines 
(BTA) are proposed as burn rate modifiers in 
these compositions. Unfortunately no informa- 
tion on performance is given. 
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Another application of both CsNO; and 
RbNO; to improve concealment in military ap- 
plications is their use as muzzle flash suppres- 
sants as has been stated in reference 47a. 


Similarly Vanpee'**! has investigated the 


inhibition of afterburning in rocket exhaust 
plumes by czsium carbonate (Cs,CO3) and 
rubidium carbonate (Rb,CO3). Vanpee assumed 
that this inhibition is greatly dependent on the 
intermediate formation of the gaseous 
hydroxide of the respective metals in the com- 
bustion zone, which may suppress visible oxi- 
dative reactions via radical scavenging. 


c) Miscellaneous Uses and Work 


Aside from the above applications making 
use of inherent features of both caesium and 
rubidium such as infrared emission and ioniza- 
tion, a series of other unspecific applications of 
both metals in pyrotechnics have been reported. 


Spector'*”! advises the use of caesium nitrate 


among other oxidizers together with unspecified 
fuels in a “non-toxic smoke generator”. Since 
the primary combustion products in this case are 
fed through a scrubber filled with unspecified 
coolant liquid, the ions, which contribute to the 
smoke performance in Weber’s invention, may 
not account for the principle given here. 


Burkardt?”! has proposed pyrotechnically 
generated nuclei based on mixed alkali-transition 
metal iodides as ice-forming agent for weather 
modification. He proposes compositions based 
on silver iodate (AgIlO3)/MIO3/NH,4NO;3 and 
plasticized nitrocellulose (NC) where M = Li, 
Na, K, Rb, or Cs with stoichiometries of (5— 
15% /0.1-30%/5—45%/50-55%). Interestingly, 
Rb-based compositions provide higher nuclei 
yield than Cs-based compositions, the latter 
being even worse than pure silver iodide-based 
compositions. Contrary to Weber’s findings 
mentioned above, the nucleus formation in this 
invention does not relate to ionization. The ac- 
tive species in causing ice formation are the 
microscopically dispersed complex iodides 
formed upon combustion. 


In reference 47b, the CsClO,/Al composi- 
tions are described as being suitable for incen- 
diary payloads. In view of the flame tempera- 
tures in Figure 2a this is quite feasible but 
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would make incendiaries much more expensive 
compared to those based on less expensive po- 
tassium perchlorate. 


An application based on solid-state effects is 
mentioned in reference 51. According to this, 
CsNO3; should be an effective phase stabilizer 
for ammonium nitrate, which is known to un- 
dergo phase changes at —170, —16, 32.1, 84.2 
and 125.2 °C. 


In addition, CsNO; and RbNO; are known 
to provide a series of low-melting eutectics with 
some alkali nitrates. RbNO; forms a double salt 
with LiNO3. The eutectic mixture, which is 35 
mol-% RbNO;+ 65 mol-% LiNO3:-RbNO3;, melts 
at 179.5 °C. With NaNO;, the eutectic mixture 
(178.5 °C) is found at 55 mol-% RbNO3. With 
KNO,, the eutectic mixture (291 °C) is found at 
70 mol-% RbNO;3. The eutectic mixture of 
CsNO;/LiNO; is at 43 mol-% CsNO; and melts 
at 174°C. With KNO3;, the eutectic mixture 
(200 °C) is found between 50 and 67 mol-% 
CsNO;. All information is from references 5 
and 8. 


Dodecahydrododecaborate methanolate 
Cs>(Bi2H\2.-CH3;0H) has been described as an 
additive to propellants and pyrotechnics to en- 
hance ignition and burning rate.'°7! In addition, 
Cs>(Bi2H;2.>CH30H) is proposed as fuel for a 
gas generant composition.?*! 


Recently Berger’! investigated CsClO,/Ti 
compositions as possible sources for near infra- 
red radiation. Although CsClO, compositions, as 
mentioned above, would certainly give rise to 
ceesium chloride (CsCl) formation which exclu- 
sively radiates in the UV,"?! titanium might 
serve as a chlorine scavenger due to the higher 
bond dissociation energy of titanium chloride 
(TiCl) (494kJ-mol') compared to CsCl 
(448 kJ-mol') as has been discussed recently 
for the lithium perchlorate (LiClO,)/Al sys- 
tem.'*! Because the authors did not present 
thermochemical calculation on the investigated 
stoichiometries, this has now been done in Fig- 
ure 4 for adiabatic flame temperature, electron, 
cesium, and ceesium chloride concentrations.“ 


Since there is no advantage of the CsClO,/Ti 
compositions over existing “concealed” NIR 
payloads because of the intense visible emis- 
sion of TiO as has been shown in reference 57, 
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Figure 4. Molar fraction of electrons, Cs and CsCl as function of &(Ti) in CsClO,/Ti at 0.1 MPa. 


it seems that these payloads may be more suit- 
able for tracking flares in either surface-to-air 
or anti-tank missiles. 


Berger’s work also provides details of the 
combustion mechanism, burn rate and heat of 
combustion as well as safety information on the 
CsClO,/Ti mixtures. It was observed by differ- 
ential thermal analysis (DTA), differential scan- 
ning calorimetry (DSC) and thermogravimetry 
(TGA) measurements that CsClO, forms an 
eutectic mixture with the primary decomposition 
product CsCl at ~400-500 °C wherein oxidation 
of the solid Ti particles occurs. The burn rate u 
increases almost linearly between €(Ti) 20 and 
60% from 3 to 127 cm-s', whereas the highest 
heat of combustion (5080 J-g') is attained at 
&(Ti) of 40%. The highest sensitivity towards 
electrostatic discharges occurs at €(Ti) > 40% 
with ignition energy values ranging from 0.56 
to 1 mJ. Sensitivity towards friction is highest at 
&(Ti) = 20% (19 J) and maximum friction sensi- 
tivity is found between €(Ti) = 35-50% (120 N) 
according to BAM procedures. 


The spectra of several CsNO3 and RbNO; / 
magnesium compositions in both the visible and 
NIR have been investigated by Douda.'*”! 
Douda!**! also tested the effect of minor amounts 
of both RbNO; and CsNO; on the spectral per- 
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formance of lithium nitrate (LiNO;)/Mg flare 
compositions. 


Thermochemical Properties of Rb 
and Cs Compounds 


To conclude this review, the following reli- 
able data on the nitrate and perchlorate of Rb 
and Cs are summarized in Table 6. For com- 
parison, values for the potassium salts are also 
included. In general, reaction mechanisms of the 
nitrates and perchlorates of Rb and Cs are iden- 
tical to those of the corresponding potassium salt. 

The thermochemical behavior of both Rb and 
Cs dinitramide (M-N(NO;)2) compounds, which 
in general can be seen as high density oxidizers, 
has been studied in detail by Cliff.'°*°! He 
could show, that the decomposition of the dini- 
tramide salts occurs via metal nitrate and dini- 
trogen oxide formation according to equation 8. 


M —N(NO,), —>M NO,+N,O 
(8) 
which is valid where M is Na, K, Rb, or Cs. 
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Table 6. Properties of K, Rb and Cs Nitrates and Perchlorates. 


CsClO, 


7757-79-1 | 13126-12-0 |7789-18-6| 7778-74- | 13510-42-4 | 13454-84-7 


 dec.p designates the temperature at which p(O>) over the molten salt equals 0.1 MPa. 


ie crystal lattices designations: rh = rhombic, tg = trigonal, c = cubic, CsCl, NaCl, h = hexagonal. 


References 


1) B. E. Douda, “Theory of Colored Flame 
Production”, RDTN No. 71 (1964), U.S. 
Naval Ammunition Depot Crane, IN, 
USA, p 28. 


2) H. Ellern, Military and Civilian Pyrotech- 
nics, Chemical Publishing Company Inc., 
New York (1968) p 97. 


3) L. F. Trueb, “Die Chemischen Elemente”, 
S. Hirzel Verlag Stuttgart, Leipzig, 1996 
[a]pp 52-53; [b] p 53. 


4) R. C. Weast (Ed.) Handbook of Chemistry 
and Physics, 47" ed. The Chemical Rubber 
Company, Cleveland (1966-1967) p D-59. 


5) Gmelins Handbuch der Anorganischen 
Chemie, “Ceesium’, Lieferung 1, System- 
Nr. 25, Verlag Chemie, Weinheim (1972) 
[a] pp 50-53; [b] Lieferung 2, p 216. 


6) R. Mavrodineanu and H. Boiteux, Flame 
Spectroscopy, John Wiley & Sons, Inc., 
New York, London, Sydney (1965) p 371. 


Page 20 


7) D. A. Skoog and J. J. Leary, Jnstrumentelle 
Analytik, Springer Verlag, Berlin, 
Heidelberg, New York (1996) pp 220-221. 


8) Gmelins Handbuch der Anorganischen 
Chemie, “Rubidium”, Lieferung 1, 
System-Nr. 24, Verlag Chemie, Weinheim 
(1972) [a] pp 55-65; [b] p 216. 


9) G. W. Weingart, Pyrotechnics, 2" ed. 
(1947) p 187. 


10) C. Jennings-White, “Some Esoteric Fire- 
work Materials”, Pyrotechnica, No. XIII 
(1990) pp 26-32. 


11) R. W. B. Pearse and A. G. Gaydon, The 
Identification of Molecular Spectra, 4" ed., 
Chapman and Hall, London (1976) [a] p 
290; [b] p 146. 


12) M. Hiskey, “Comment on “High-Nitrogen 
Pyrotechnic Compositions”, Journal of 
Pyrotechnics, No. 8 (1998) pp 29-30. 


13) C. Jennings-White, “Glitter Chemistry”, 
Journal of Pyrotechnics, No. 8 (1998) 
pp 53-70. 


Journal of Pyrotechnics, Issue 15, Summer 2002 


14) L. S. Oglesby, Glitter; Chemistry and 
Techniques, 2™ ed. American Fireworks 
News (1989). 


15) W. Dornberger, Peenemtinde, Moewig 
Taschenbuchverlag Rastatt (1984) p 140. 


16) J. Lawton and F. J. Weinberg, Electrical 
Aspects of Combustion, Clarendon Press 
Oxford (1969) p 283 Lit 71. 


17) D. E. Sukhia, “Interaction of Pyrotechnics 
and Radio Frequency systems”, Proc. 2" 
International Pyrotechnics Seminar, 
Aspen, CO, USA, (1970) pp 255-267. 


18) A. A. Shidlovsky, Fundamentals of 
Pyrotechnics (1964) p 360. 


19) L. W. Fagg, ’Spectrographic Study of 
Chemically Generated Czesium Plasmas”, 
J. Quant. Spectrosc. Radiat. Transfer., 
Vol. 5 (1965) pp 321-327. 


20) P. W. J. M. Boumans, Theory of Spectro- 
chemical Excitation, Plenum Press, New 
York (1966) pp 160-173. 


21) C. T. Williams, “Czesitum and Ceesium 
Compounds” in Volume 5 of Kirk-Othmer 
Encyclopedia on Chemical Technology, 
3" ed. (1979) pp 327-338. 


22) J. E. Flanagan, US Patent 4,269,637, 
Rockwell International Corporation, USA 
(1981). 


23) R. Friedman and A. Macek, “A Novel 
Chemical System for Generation of Elec- 
tron-Rich Gases“, Proc. of 10" Int. Symp. 
Combust., The Combustion Institute 
(1965) pp 731-741. 


24) J. S. Malcolm Jr., “Fundamental Research 
in Explosive Magnetohydrodynamics”, 
AFOSR TR-76-0435, Jones (Malcolm) 
Associates, Inc., CA, USA (1976). 


25) K. Baldwin and W.W. Balwanz, “Plasma 
Diagnostics in Supersonic Flow Contain- 
ing Czesium and Potassium’, Trans. Nucl. 
Sci., Vol. 11 (1964) pp 51-63. 


26) W. W. Balwanz, “Ionization in Rocket 
Exhausts”, Proc. of 10” Int. Symp. Com- 
bust., The Combustion Institute. (1965) 
pp 685-697. 


Journal of Pyrotechnics, Issue 15, Summer 2002 


27) W. Boettcher, E. Goldman, and A. Gal- 
laghan, US Patent 4,406,228, The United 
States as represented by the Secretary of 
the Navy, USA (1983). 


28) EA-0786; Environmental Assessment and 
(FONSI) Kauai Test Facility CDX Rocket 
Operation Sandia National Laboratories 
Albuquerque, NM, USA, 
http://nepa.ch.doe.gov/ea/ea0786/ 


29) S. Altschuler, F. T. Traylor, R. W. Ziemer, 
and C. A. Knight, US Patent 3,976,008, 
The United States as represented by the 
Secretary of the Navy, USA (1976). 


30) R. P. Cornia and R. Reed Jr., US Patent 
3,983,816, Thiokol Corporation, USA 
(1976). 


31) E.-C. Koch, “Review on Pyrotechnic 
Aerial Infrared Decoys”, Propellants, 
Explosives, Pyrotechnics, Vol. 26 (2001) 


pp 3-11. 


32) D. L. Cohen, “Using Electrical Probes to 
Measure Ion Velocities in Pyrotechnic 
Plasmas”, J. Spacecraft, Vol. 25 (1988) 
pp 315-317. 


33) A. Matuszkiewicz, “Kinetics of Ion In- 
duced Nucleation”, in P. E. Wagner and 
G. Vali (Eds.) “Atmospheric Aerosols and 
Nucleation” Volume 309 of Lecture Notes 
in Physics, Springer Verlag, Berlin, Hei- 
delberg, New York (1988) pp 422-425. 


34) K. G. Vohra, “Gas-to-Particle Conversion 
in the Atmospheric Environment by 
Radiation-induced and Photochemical 
Reactions”, in Proc. of 5" Int. Congress 
on Radiation Research, Seattle, June 1974, 
New York (1975). 


35) M. Weber, DE 32 38 444, Pyrotechnische 
Fabrik F. Feistel GmbH&Co KG, 
Géllheim, Germany (1982). 


36) H. Schroers, W. Rouse, and D. Anderson, 
“Evaluation of Piepenbrock IR Pyrotech- 
nic Smoke”, ERDEC-TN-019, April 1997, 
Aberdeen Proving Ground, MD, USA 
(1997). 


37) E.-C. Koch and J. Schneider, “Reactions in 
Phosphorus Based IR-Screening Smoke— 
An Investigation of the Underlying 


Page 21 


Phenomena”, Proceedings of the Smoke 
and Obscurants Symposium XX, 29-30 

April 1998, Aberdeen Proving Ground, 

MD, USA (1999). 


38) C. W. Lohkamp, “Black Nite Flare”, Proc. 
5" International Pyrotechnics Seminar, 
Vail, CO, USA (1976) pp 307-315. 


39) C. W. Lohkamp, US Patent 3,733,223, The 
United States as represented by the Secre- 
tary of the Navy, USA (1973). 


40) B. E. Douda, R. M. Blunt, and E. J. Bair, 
“Visible Radiation from [luminating-Flare 
Flames: Strong Emission Features”, J. Opt. 
Soc. Am., Vol. 60 (1970) pp 1116-1119. 


41) D. B. Nielson and L. L. Jones, EP 0 430 
464 A2, Thiokol Corporation, Ogden, UT, 
USA (1989). 


42) D. R. Dillehay and D. W. Turner, EP 0 
652 277 A2, Thiokol Corporation, Ogden, 
UT, USA (1993). 


43) D. B. Nielson, WO 94/02435, Thiokol 
Corporation, Ogden, UT, USA (1994) 


44) D. B. Nielson, WO 94/02436, Thiokol 
Corporation, Ogden, UT, USA (1994) 


45) G. H. Henry III, M. A. Owens, J. L. Terry, 
M. A. Tucker, and F. M. Bone, US Patent 
5,811,724, Primex Technologies, Inc. 
Marion, IN USA (1998). 


46) D. B. Nielson, US Patent 5,639,984, 
Thiokol Corporation, Ogden, UT, USA 
(1997). 


47) Encyclopedia of Explosives and Related 
Items, B. T. Fedoroff and O. E. Sheffield 
(Eds.), Picatinny Arsenal, Dover NJ, USA 
(1962) [a] Vol. 2, p C 145; [b] Vol. 8, 

p P 155. 


48) M. Vanpee, R. H. Thomas, and D. 
Burgess, “Inhibition of Afterburning by 
Metal Compounds”, in “Heterogeneous 
Combustion”, H. G. Wolfhard, I. Glass- 
man, and L. Green, Jr. (Eds.), Volume 15 
of Progress in Astronautics and Aeronau- 
tics, Academic Press, New York, London 
(1964) pp 419-448. 


Page 22 


49) Y. Spector, E. Jacobson, V. Naishtut, 
M. Vittenberg, and Z. Beinert, US Patent 
5,610,359, Israel (1994). 


50) L. A. Burkardt, W. G. Finnegan, 
F. K. Odengrantz, P. St.Amand, and 
C. D. Stanifer, US Patent 3,802,971, The 
United States of America as represented by 
the Secretary of the Navy, USA (1974). 


51) K. Menke, J. Bohnlein-Mauss, H. Schmidt, 
K. M. Bucerius, and W. Engel, US Patent 
5,596,168, Fraunhofer-Gesellschaft zur 
Férderung der angewandten Forschung 
e.V. Miinchen, Germany (1995). 


52) Callery Chemical Company, MSDS of 
Cesium dodecahydrododecaborate 
methanolate (Cs 2B j2H)7-MeOH), August 4, 
2000. 


53) D. W. Doll, I. A. Wallace, G. K. Lund, J. 
C. Hinshaw, and R. J. Blau, WO 95/18779, 
Thiokol Corporation, Washington, USA 
(1995). 


54) B. Berger, P. Folly, G. Wilfing, and 
R. Kresse, “Neuer Oxidator fiir spezielle 
pyrotechnische Anwendungen”, Proc. of 
32" International Annual Conference of 
ICT, July 3-6, 2001, Karlsruhe, Germany 
(2001). 


55) Part 1 of this series appeared as: 
E.-C. Koch, “Evaluation of Lithium 
Compounds as Color Agents for 
Pyrotechnic Flames”, Journal of Pyro- 
technics, No. 13 (2001) pp 1-8. 


56) B. J. McBride and S. Gordon, “Computer 
Program for Calculation of Complex 
Chemical Equilibrium Compositions and 
Applications”, NASA 1311, June 2000. 


57) E. Roth, Y. Plitzko, V. Weiser, W. Eckl, 
H. Poth, and M. Klemenz, “Emis- 
sionsspektren brennender Metalle”, Proc. 
of 32” International Annual Conference of 
ICT, July 3-6, 2001, Karlsruhe, Germany 
(2001). 


58) B. E. Douda, “Prediction of Line Shapes in 
Pyrotechnic Flares Containing Lithium”, 
Proc. 5" International Pyrotechnics Semi- 
nar, Vail, CO, USA (1976) pp 212-222. 


Journal of Pyrotechnics, Issue 15, Summer 2002 


59) K. Rajeshwar, V. R. P. Verneker, and J. 
Dubow, “A Differential Scanning Calo- 
rimetry Study of the MCIO, (M = Na, K, 
Rb, Cs, and NH.) System: Heats of Crys- 
tal-Structure Transformations and other 
Thermochemical Data”, Combustion and 
Flame, Vol. 37 (1980) pp 251-260. 


60) M. M. Markowitz and D. A. Boryta, “The 
Differential Thermal Analysis of Perchlo- 
rates. VII. Catalytic Decompositions of the 
Alkali Metal Perchlorates by Manganese 
Dioxide“, J. Phys. Chem., Vol. 69 (1965) 
pp 1114-1123. 


61) S. Gordon and C. Campbell, “Differential 
Thermal Analysis of Inorganic Com- 
pounds—Nitrates and Perchlorates of the 
Alkali and Alkaline Earth Groups and 
Their Subgroups”, J. Anal. Chem., Vol 27 
(1955) pp 1102-1109. 


62) A. F. Hollemann, E. Wiberg and N. 
Wiberg, Lehrbuch der Anorganischen 
Chemie, 101. Auflage, Walter de Gruyter, 
Berlin, New York (1995) pp 718-719. 


63) C. N. R. Rao and J. Gopalakrishnan, 
New Directions in Solid State Chemistry, 
2" ed., Cambridge University Press, 
Cambridge (1997) p170. 


64) M. D. Cliff and M. W. Smith, “Thermal 
Characteristics of Alkali Metal Dinitra- 
mide Salts”, Journal of Energetic 
Materials, Vol. 17 (1999) pp 69-86. 


65) M. D. Cliff, W. W. Smith, and D. P. 
Edwards, “Evidence of Nitrate Formation 
from the Thermal Decay of Alkali Metal 
Dinitramides”, Propellants, Explosives, 
Pyrotechnics, Vol. 24 (1999) pp 43-45. 


Received July 30, 2001 


Sponsorships 


No advertising as such is printed in the Journal of Pyrotechnics. However, a limited number of 
sponsors have been sought to help reduce the selling price of the Journal from the listed cover price. 
The cost of helping sponsor an issue of the Journal of Pyrotechnics is $70 per issue for businesses and 
organizations and $35 for individuals. In addition to a listing in the Sponsor section of the Journal, full 
sponsors receive two free copies of the sponsored Journal [one free copy for individual sponsors] and 
a brief listing on a flyer inserted under the transparent cover of the Journal. 


Additionally, if you so desire, we will provide a link from the Journal of Pyrotechnics Web Site to 
sponsors’ web site, e-mail address or simply a company name, address and phone information listing. 
If you would like to be a sponsor, contact the publisher. 


Journal of Pyrotechnics, Issue 15, Summer 2002 


Page 23 


Guide for Authors 


Style Guide 


The Journal of Pyrotechnics has adopted the 
ACS Style Guide [ISBN 0-8412-3462-0]. It is not 
necessary that authors have a copy; however, a 
copy can be ordered through a local bookstore. 


Subject Areas 


Fireworks, Pyrotechnic Special Effects, Pro- 
pellants, Rocketry and Civilian Pyrotechnics 


Manner of Submission 


Submissions should be made directly to the 
publisher at the address at bottom of page. Upon 
receipt of an article, the author will be sent an 
acknowledgment and a tentative publication 
date. For specific requests regarding editors, etc. 
please include a note with that information. 
Preferably, the text and graphics will be submit- 
ted electronically or on a 3-1/2" diskette or CD 
in IBM format with a print copy as backup. The 
Journal is currently using Microsoft Word 2002, 
which allows for the import of several text for- 
mats. Graphics can also be accepted in several 
formats. Please also inform us if any materials 
need to be returned to the author. 


General Writing Style 


e = The first time a symbol is used, it is preferred 
to write it out in full to define it [e.g., heat 
of reaction (AH,) or potassium nitrate 
(KNOs)]. 


e Avoid slang, jargon, and contractions. 
e Use the active voice whenever possible. 


e The use of third person is preferred; how- 
ever, first person is acceptable where it helps 
keep the meaning clear. 


Format 


In addition to the authors’ names, please in- 
clude an affiliation for each author and an ad- 
dress for at least the first author. 


Page 24 


A short abstract is needed. (An abstract is a 
brief summary of the article, nota listing of areas 
to be addressed.) 


Include 3 to 7 keywords to be used in a refer- 
ence database: However, multi-word names and 
phrases constitute only one keyword (e.g., potas- 
sium nitrate and heat of reaction are each one 
word). 


Use of SI units is preferred. If English units 
are used, please provide conversions to SI units. 


Figures, Photos, and Tables are numbered 
consecutively. For submission, place them at the 
end of the text or as separate files. During page 
composition, they will be inserted into the text 
as appropriate. For graphs, please also submit 
“raw” X—Y data. 


References cited in the text are referred to 
by number (i.e., “Smith!"! states”; or “the re- 
search’?! shows ...”). In the reference section, 
they will be ordered by usage and not alphabeti- 
cally. It is preferred that a full citation, including 
author, title, book or journal, publisher for books, 
and volume and pages for journals, etc. be pro- 
vided. Examples: 


1) A. E. Smith, Pyrotechnic Book of Chemis- 
try, XYZ Publishers (1993) [p nn—nn (page 
numbers are preferred, but not required) ]. 


2) A.E. Smith, R. R. Jones, “An Important 
Pyrotechnic Article,” Pyrotechnic Periodi- 
cal, Vol. 22, No. 3 (1994) [p n-n, (page 
numbers are quite important for articles)]. 


Editing 
The Journal of Pyrotechnics is refereed. 
However, the editing style is friendly, and the 


author makes the final decision regarding what 
editing suggestions are accepted. 


More Information 


Contact Bonnie Kosanke, Publisher, the Journal 
of Pyrotechnics, Inc., 1775 Blair Road, White- 
water, CO 81527, USA. or 

email bonnie@jpyro.com 


Journal of Pyrotechnics, Issue 15, Summer 2002 


An Introduction to Chemical Thermodynamics 
Part 3. Free Energy and Equilibrium 


Barry Sturman 


6 Corowa Court, Mount Waverley, Victoria 3149, Australia 


ABSTRACT 


This is the third article in a series presenting 
an introduction to chemical thermodynamics, 
emphasizing those aspects of particular rele- 
vance to pyrotechnics. It shows how the Gibbs 
free energy varies with temperature and pres- 
sure, and how this affects chemical equilibrium. 
It also shows how a number of useful facts about 
chemical systems can be predicted from the 
thermodynamic properties of the reactants and 
possible products. This is illustrated with ex- 
amples from pyrotechnics. 


Keywords: thermodynamics, free energy, 
equilibrium constant, thermodynamic modeling 


Introduction 


The previous article in this series!"! introduced 
the Gibbs free energy, G, defined by 


G=H-TS 


where H is the enthalpy, T is the temperature 
and S is the entropy. It was shown that the 
change in the free energy, AG, 


AG = AH — TAS 


is a measure of the change in the entropy of the 
universe. If AG is negative, the entropy of the 
universe will increase and the process will be 
thermodynamically spontaneous. In this article, 
the relationships between free energy and equi- 
librium will be explained, and the application of 
these concepts to pyrotechnic systems will be 
illustrated with some examples from the litera- 
ture. 
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The Standard Free Energy of 
Formation 


All pure substances have a Standard Free 
Energy of Formation, AG; . This is the free 


energy change when | mole of the compound is 
formed from its elements at some standard 
state, often a temperature of 298.15 K and a 
pressure of | bar. The bar is a unit of pressure 
(10° newtons per square metre) that is conven- 
iently close to atmospheric pressure (standard 
atmospheric pressure is 1.013 x 10° newtons per 
square metre). The free energy of formation of 
the chemical elements at standard conditions is 
by definition zero; values for the free energies 
of formation of many compounds are available 
in tables of thermodynamic data. Standard free 
energy changes can be added and subtracted 
just like enthalpy changes, as described in the 
first article in this series."”! 


For a chemical reaction 
wA+xBoyC+zD 


the standard free energy change AG® associated 
with the reaction is given by 


AG? =[yAGfe+ 26 fn ]-[WG4+xG5a ] 


where G; , 18 the Standard Free Energy of For- 
mation of the species A, etc. 


Like the enthalpy and the entropy, the Gibbs 
free energy is an extensive function; that is, it 
varies depending on the amount of substance in 
a system. The Gibbs free energy of formation of 
1 mole of a substance is called the molar free 
energy of that substance. If a number of differ- 
ent substances are introduced into a system, 
with no chemical reactions, the total free energy 
change can be calculated by multiplying the 
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number of moles of each substance by its molar 
free energy and adding up the results. To reach 
chemical and thermodynamic equilibrium, sub- 
stances undergo chemical reactions until the 
free energy is at a minimum. The reason for this, 
as discussed in the previous article in this se- 
ries,”! is that minimizing the free energy in a 
system is the same as maximizing the entropy 
of the system and its surroundings. 


Variation of the Gibbs Free Energy 
with Pressure, Temperature 
and Volume 


Tabulated values of the molar free energy of 
various substances at specified conditions of 
temperature and pressure can be used to calcu- 
late the free energy changes involved in chemi- 
cal reactions. To do this, it is necessary to know 
how free energy varies with temperature, pres- 
sure and volume. 


By definition 
G=H-TS 
and 
H=U+PV 
Therefore 


G=U+PV-TS 


where U is the internal energy and V is the vol- 
ume. 


For the purposes of this discussion it can be 
assumed that the only work done by, or on, the 
system is the work involved in changing the 
volume of the system in response to pressure, or 
vice versa. That is, the only work to be taken 
into account is “pressure-volume” or “expan- 
sion” work. Electrochemical effects, for in- 
stance, are not considered. For very small (i.e., 
differential) changes in internal energy, pressure, 
volume, temperature and entropy, the corre- 
sponding change in Gibbs free energy is 


dG = dU + PdV +VdP — TdS — SdT 


But for a closed system, doing only “expansion” 
work, 


dU=TdS— PdV 


and these terms drop out of the equation, so 
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dG = VdP — SdT 


At constant temperature, dT=0, and conse- 
quently dG = VdP. At constant pressure, dP = 0, 
so dG = — SdT. 


Variation of Gibbs Free Energy with 
Pressure, at Constant Temperature 


At constant temperature 
dG = VdP 


and by integration 
2 

AG =G, -G,=|VaP 
1 


For a perfect gas, 


_ nkT 
P 


Vy 


and for m moles at a constant temperature nRT 
is constant. For a pressure change from P, to P5, 


2 
AG =G, -G,=[ (“EE ap 
1 


2 
= nkT(e = nRT In| 22 
Pp P 


1 


This gives the change in Gibbs free energy with 
pressure at constant temperature for a perfect gas. 


For 1 mole of gas at standard temperature 
and pressure, G; = G°, so the molar free energy 
G at some other pressure P is given by 


G=G"+ RTIn( =| 


Pe 


where G° is the free energy of one mole of the 
gas at standard conditions of temperature and 
pressure (P°). 


What about a liquid or solid? As previously, 
dG = VdP 


and by integration 
2 

AG =G, -G,=|VaP 
1 


In the pressure ranges of interest to pyrotech- 
nics, the volume of a liquid or solid changes 
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very little with pressure. The volume can usu- 
ally be treated as constant, and in this case 


AG = VAP 


This equation applies only for pressure ranges 
over which the substance can be considered 
incompressible. 


The change in free energy with pressure for 
one mole of a solid or liquid is very much 
smaller than that for one mole of a gas, and it 
can usually be ignored. For example, suppose 
the pressure of one mole of a substance is in- 
creased from | to 10 atmospheres, at room tem- 
perature (298 K). If the substance is a gas, the 
free energy change is given by 


nRT In (3 
F 


1 mole x 8.3145 joules/K/mole x 
298 K x In (10/1) 

8.3145 x 298 x In10 joules 

= 5705.2 joules 

= 5.71 kJ (3 significant figures) 


AG 


On the other hand, taking water as an example 
of a liquid, the volume of one mole of water 
(18 grams) is around 18 cubic centimetres or 
1.8x10° cubic metres. For a change in pressure 
from 1 to 10 atmospheres, the free energy change 
is 
AG = VAP 
= 1.8x10~ cubic metres x 9 atmospheres x 
1.013 x 10°newtons/sq. metre/atmosphere 

= 16.4 newton meters 

= 16.4 joules 

= 0.016 kJ (2 significant figures) 


This is a bit less than 0.3% of the free energy 
change that the same pressure change would 
bring about in the same quantity of gas. 
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Variation of Gibbs Free Energy with 
Temperature, at Constant Pressure 


At constant pressure 
dG =— SdT 
and so 


dG 7 
aT 
This is only true for constant pressure; to em- 


phasize this, it is customary to write it in the 
form 


(<2 sag 
ar J, 


where the symbol 0 indicates partial differentia- 
tion and that the variable indicated by the sub- 
script P (i.e., the pressure) must be held con- 
stant. 


This simple equation is one version of the 
Gibbs-Helmholtz equation. There is another ver- 
sion that can be derived with the help of the 
differential calculus. 


By definition, 
0G 


G=H-TS= H+ T| — 
Et 


(<<) T-G=-H 
OT )P 


Divide this equation by 7° 


(or 
oT), G_H 


4 Go FP 


It can be shown that 


(5)] lar), 


OT Jp T i 


The right hand side of this equation is the same 
as the left-hand side of the previous equation, 
therefore 
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Or Js. T? 


This is the other form of the Gibbs-Helmholtz 
equation. Notice that it shows how G/T (rather 
than G) varies with temperature at constant 
pressure. Another variation of this equation is 


o( $2 
T )| AH 
a ae i 


Variation of Gibbs Free Energy with 
Chemical Composition, at Constant 
Temperature and Pressure 


The free energy of a reacting mixture will 
change with pressure and temperature, and it 
will also change as the amount of each sub- 
stance in the mixture changes. For a very small 
change in the number of moles of a substance in 
a mixture at constant temperature and pressure 
there will be a corresponding free energy change. 
The ratio of these changes, given by the partial 
derivative, 


[<2 ai 
On, PT N44 


is called the chemical potential of the substance i. 
The chemical potential is usually given the sym- 
bol z(mu, the Greek equivalent of the letter ‘m’). 
It follows that the chemical potential of a pure 
substance is numerically equal to the molar free 
energy of that substance. The chemical poten- 
tial of a substance has units of joules per mole. 
It is an intensive quantity — that is, it does not 
depend on the amount of substance. 


In reaching equilibrium, systems move from 
conditions of high chemical potential to the 
lowest possible chemical potential. This is a bit 
like the tendency of objects in a gravitational 
field to move from a position of high potential 
energy to one of low potential energy, or of 
electric currents to flow from a high electrical 
potential to a low one. The reason for the 
movement from a state of high chemical poten- 
tial to one of low chemical potential is simply 
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that such a movement corresponds to an in- 
crease in the total entropy of the system and its 
surroundings. In other words, it is nothing more 
(or less) than the natural tendency of molecules 
to get into a mess. 


If n moles of a substance of chemical poten- 
tial yeare added to a system, the change in 
Gibbs free energy is given by 


AG =n 


More generally, if substances a, b, c... are 
added to a system, the change in Gibbs free en- 
ergy is given by 


AG = nf, +1, +N, LM, 
= 2; My; 


where n; is the number of moles of substance i, 
and 1; is the chemical potential of substance i 


Free Energy Changes and Chemical 
Reactions: Effect of Temperature 


Recall that a process will be spontaneous 
(will continue to equilibrium once it has been 
started) if its Gibbs free energy change is nega- 
tive. The equation for the Gibbs free energy 
change 


AG = AH — TAS 


leads to some useful generalizations about 
chemical reactions. For example, if the entropy 
change is positive, there will always be a tem- 
perature at which TAS becomes greater than AH. 
Processes for which the entropy change is posi- 
tive are those in which the molecular disorder 
increases. These include the melting of solids, 
the evaporation of liquids, and the decomposi- 
tion of complex molecules into simpler ones 
and ultimately into atoms. The equation for the 
Gibbs free energy change indicates that as a 
solid is heated it will eventually melt, if it does 
not decompose first, and that a liquid will evapo- 
rate. Moreover, at a sufficiently high temperature 
every substance will be decomposed into its 
constituent atoms. 


The temperature required to do this is around 
5000 Kelvin. While such temperatures are rou- 
tinely achieved in the plasma torches commonly 
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used for spectrochemical analysis, they are well 
above all pyrotechnic temperatures. 


Free Energy Changes and Phase 
Changes: Freezing and 
Melting of Solids 


If the enthalpy change (AH) is large and 
negative, the Gibbs free energy change is likely 
to be negative. Thus, exothermic processes are 
often spontaneous. The exceptions are those for 
which the change in the entropy is negative. 
The freezing of a liquid is always exothermic, 
but it also involves a decrease in entropy. The 
freezing of a liquid becomes spontaneous only 
when the temperature is low enough for TAS to 
be less than AH. 


When AH = TAS, and there is no driving 
force for the change in either direction, the solid 
and the liquid are in equilibrium. At constant 
pressure, this occurs at just one temperature. 
This temperature is the freezing point (or melt- 
ing point) of the substance. The Gibbs free en- 
ergy change accounts for the fact that pure sub- 
stances at constant pressure have fixed melting 
points. 


Free Energy Changes and Phase 
Changes: Evaporation of Liquids 


At the melting point, the solid and liquid are 
in equilibrium. The free energy change is zero. 
In other words, at the melting point the free en- 
ergy of the liquid is exactly equal to the free 
energy of the solid. As long as both liquid and 
solid are present, the temperature remains pre- 
cisely at the melting point, no matter how much 
heat is supplied to the system. At any given 
pressure there is one, and only one, temperature 
at which the two phases can exist in equilib- 
rium. 


Contrast this situation with that of a liquid 
and its vapor. As shown previously, at constant 
temperature, the free energy of a gas varies with 
pressure: 


G=6"+ RT In| =| 


Pe 
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At any temperature, a certain pressure of gas 
will have a free energy equal to that of the liq- 
uid at that temperature, so the gas and liquid 
will be in equilibrium. The corresponding gas 
pressure is called the vapor pressure of the sub- 
stance at that temperature. When the vapor pres- 
sure becomes equal to the atmospheric pressure, 
the liquid and vapor are in equilibrium at at- 
mospheric pressure. The corresponding tempera- 
ture is the boiling point of the substance. The 
Gibbs free energy change predicts that a pure 
substance will have a fixed vapor pressure at 
any given temperature and a fixed boiling point 
at any given pressure, in accordance with ex- 
periment. 


Free Energy and Chemical 
Reactions in Gases 


If two gases undergo a chemical reaction to 
form two new gases, the reactants and products 
will be in equilibrium when the free energy of 
the products equals the free energy of the reac- 
tants. For each gas involved in the reaction, the 
free energy is given by 


G, =n, Gi +RTIn 3) 
P° 


where n; is the number of moles of that gas, P; 
is the partial pressure of gas i and P° is the 
pressure to which the standard free energy G;° 
corresponds. The term “partial pressure” simply 
means the pressure that each gas contributes to 
the total pressure. 


For a constant pressure system, as in the 
present discussion, the partial pressure P; of each 
gas is given by the total pressure multiplied by 
the mole fraction of the gas X;. 


P;=PX; 


The mole fraction X; = n; /n is the ratio of the 
number of moles n; of the gas divided by the 
total number of moles of gas in the system. 


Suppose the reaction is a moles of gas A re- 
acting with b moles of gas B to form c moles of 
gas C and d moles of gas D: 


aA +bB—->cC+dD 


The free energy of the reactants will be 
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(oe, erin 22)} + 
P° 
ic, +arin[ 2) 
P° 


and the free energy of the products will be 


o(o°. erin 25) 
P° 
ile eri 2) 
P° 


where Py, Ps, Pc and Pp are the partial pres- 
sures of gases A, B, C and D. 


The free energy change of the reaction will 
be the free energy of the products minus the 
free energy of the reactants. 


AG =c(G°..+ RT In(P../ P°)) + 
d(G°,, + RT In(P,, / P°))- 
a(G°,, + RT In(P, / P°))- 
b(G°, + RT In(P, / P°)) 
=(cG°. + dG°,, —aG°, —bG°,)+ 
CRT In(P. / P°) + dRT I\n(P, / P°) — 
aRT \n(P,/ P°) — bRT In(P, / P°) 
cG°,. + dG’, —aG°,-—bG°, = 
(cG°.. + dG°,,)-—(aG° , + bG°,,) =AG° 


Therefore 


AG =AG°+cRT In (4) + arrin( 2) L 
P° P° 


aRT I|n (4) —bRT in (2) 
P° P° 


Now, because x In X= In X* 


c d 
ag= ao" Rrin( 2) + RTIn{ 22) — 
P° P° 


a b 
RrIn{ 24) - RTIn( 22) 
P° P° 


and, because In. X + In Y= In XY 
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c d 
ag= aor xrin( 2) (2) - 


a b 
RT In £1.) [4 
Pf yas 
Finally, because —In_X = In(1/X): 


(E(B) 
AG =AG°+RT In ile Ae 


()() 


This equation shows how the free energy change 
relates to the pressures of gaseous reactants and 
products at constant temperature. It is called the 
van’t Hoff isotherm. 


At equilibrium, the free energy of the reac- 
tants equals the free energy of the products, so 
AG = 0 and 


l SI ( 
Pe 
0=AG=AG°+RT In 


all 


c d 
le 
AG? =—RT In Sa ae 
Fa\ | Fe 
Pe ‘Pe 


where P4, Ps, Pc, and Pp are the pressures of 
gases A, B, C and D at equilibrium. 


or 


The right hand side of this equation can be 
written as —RT In K, where 


Ele 


K is called the equilibrium constant for the re- 
action, and therefore 
AG? =—-RT In K 


Journal of Pyrotechnics, Issue 15, Summer 2002 


Relative Activities 


As shown previously, at constant tempera- 
ture the free energy of a gas varies with pres- 
sure according to: 


G -crvarin( =| 
P° 
where P is the partial pressure of the gas and G° 
is the free energy of one mole of the gas at 
pressure P°. This can be expressed in terms of 
chemical potentials: 


P 
= uU°+ RT In| — 
w= ne+RTn| 2) 


where “2° = G° 


This applies only to perfect gases. For other 
substances, it is useful to define a property 
called the relative activity such that the chemi- 
cal potential is given by 


M= Lo + RT In(ay) 


where aa is the relative activity of the substance 
A. The equation requires the logarithm of the 
relative activity, a,, which means that a, must 
be a pure number—it cannot be some quantity 
requiring units. It has to be a ratio of some 
property of A, at the conditions of interest, to 
the value of that property at the standard state 
corresponding to y°. The relative activity of a 
perfect gas is obviously P/P°. For a real gas 
(that is, a gas that does not conform exactly to 
the ideal relationship PV = nRT) the relative 
activity can be defined by assigning an “effec- 
tive pressure” f to the gas such that 


A 
= u°+RT In| — 
Mae (4 


This “effective pressure” f varies with tem- 
perature and has to be determined for each gas. 
It is called the fugacity of the gas. What is the 
relative activity for a pure solid or liquid? 


For combustion problems, it is necessary only 
to take into account how the Gibbs free energy 
of a fixed amount of a substance (i.e., the chemi- 
cal potential of that substance) varies with pres- 
sure. As discussed previously, the free energy 
per mole of a pure solid or liquid changes very 
little with pressure, and it is usually sufficiently 
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accurate to treat the chemical potential of a pure 
solid or liquid as constant. That simplifies mat- 
ters greatly, because if the chemical potential is 
constant, then for 1 mole of a pure solid or liq- 
uid 

H= 6 + RT In(a)= 


from which RT In(a) = 0 and thus a = 1. The 
relative activity of pure solids and liquids is 1. 


For perfect (or ideal) solutions, the chemical 
potential of a component i is given by 


M=o,o+RTNX, 
where _X; is the mole fraction of i and p1;° is the 


chemical potential of pure 7 in the same physi- 
cal state as the solution. 


Relative Activities and 
Equilibrium Constants 


The definition of relative activity was cho- 
sen so that for any reaction 


aA +bB+cCt+... >wWt+xX +yYt... 
there is an equilibrium constant K of the form 
K = Gi) ax) yy 
(a,)" (ay) (ac) 


where awis the relative activity of W, etc. 


The equilibrium constant is related to the 
standard free energy change for the reaction by 


AG° =—RTInK 


This equation can be rearranged to give 


—AG°/RT 
K=e 


Equilibrium Constant, Free Energy 
and the Stability of Compounds 


The relationship K =e “°'*" can be used 
to explain the stability of compounds in terms 
of their free energy of formation. 


For the general reaction for the formation of 
a compound from its elements, 


aA+bB> A,Bp 
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the equilibrium constant is given by 
x - LAB 
[4]'[B]’ 


If the standard free energy of formation AG° 
is large and negative, then—AG°/RT will be large 
and positive, so K will be large and the equilib- 
rium concentration of the product will be large. 
As the temperature T increases, the value of — 
AG°/RT will become smaller, K will decrease 
and the equilibrium concentration of the prod- 
uct will decrease. In general, the equilibrium 
will shift more and more towards the reactants 
as the temperature increases. Substances for 
which the standard free energy of formation is 
larger and more negative will withstand a higher 
temperature before the equilibrium lies in favor 
of the products. The standard free energy of 
formation is thus a quantitative indicator of the 
thermal stability of a substance. 


Notice that if the reactants and products of a 
reaction are all solids, then the relative activity 
of each is 1, and the equilibrium constant is also 1. 
This means that AG° = —RT In 1= 0. The solid 
reactants and products can be in equilibrium at 
one, and only one, temperature: that at which 
AG® = 0 (i.e., T = AA®/AS®). At all other tem- 
peratures, the system consists either entirely of 
reactants or entirely of products. This might 
seem odd, but it is no different from the famil- 
iar example of a pure solid being in equilibrium 
with its liquid at one and only one temperature. 


Variation of Equilibrium 
Constants with Temperature 


Recall 
AG° =—RT Ink 


() 
nee 
R 


The partial derivative of this equation with re- 
spect to temperature, assuming constant pres- 
sure, 1S 
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Then, by the Gibbs-Helmholtz equation: 


6(InK) 7 OT” —).- An? 
ar |, 


It is not necessary to restrict this relationship to 
constant pressure, because neither AG° nor AH° 
vary with pressure. They are defined at a stan- 
dard pressure, usually one bar. Therefore, 


d(InK) AH® 
dT RT’ 


This gives the relationship between the equilib- 
rium constant and the temperature. 


The equation can be rearranged to 


d(InK) = a (4 


Now, d7/T? =-d(1/T), so 
a(n) =-—— (=) 


This can now be integrated, assuming AH? to be 
constant with temperature, to give 


A(In K) = — (=) 


If the equilibrium constant is known at one 
temperature, this equation provides a way to 
calculate the equilibrium constant at any other 
temperature, provided that the relationship be- 
tween AH® and temperature is known, and that 
the pressure is constant. As discussed previ- 
ously, 7! the effect of temperature on AH® can 
be calculated from the heat capacities of the 
reactants and products over the temperature 
range of interest. If the equilibrium constant at 
one temperature 7 is K,, what can be said about 
the equilibrium constant (K>) at a higher tempera- 
ture 7>? 
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Rearrange the previous equation to obtain 


Ink, —InK, = = 2 7 
2 1 


Since 71s greater than 7, (1/72 — 1/T,) will be 
negative. If AH® is also negative (that is, if the 
reaction is exothermic), In K, — In K; must be 
negative and K, must be greater than K>. Recall 
that a larger equilibrium constant corresponds to 
more products. Since the equilibrium constant 
is larger at the lower temperature, the equilib- 
rium at the lower temperature favors the prod- 
ucts. Thus, for an exothermic reaction, an in- 
crease in temperature results in the equilibrium 
shifting in favor of the reactants. 


The same line of reasoning can also show 
that for an endothermic reaction an increase in 
temperature will result in the equilibrium shift- 
ing in favor of the products. This is the thermo- 
dynamic explanation of Le Chdtelier’s Princi- 
ple, as applied to the effect of temperature on 
chemical equilibrium. Le Chatelier’s Principle 
can be stated in various ways, for example: if a 
system at equilibrium is subjected to a stress, it 
will respond in such a manner that tends to re- 
lieve the stress. This is a useful guide to the be- 
havior of chemical systems, and is often all that 
is needed for a qualitative explanation. 


Variation of Equilibrium 
Constants with Pressure 


The discussion of equilibrium constants so far 
has referred to conditions of constant pressure. 
The next step is to show how the composition 
of the equilibrium mixture can change with 
pressure. Recall that the composition can be 
expressed in mole fractions given by 


where P is the total pressure and P; is the partial 
pressure of the particular gas. 


For the reaction of a moles of gas A reacting 
with 5 moles of gas B to form c moles of gas C 
and d moles of gas D 


aA+bB—->cC+dD 
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P=X,P 
If the pressure P is expressed in atmospheres, 
and P° = 1 then 
_@Y@) 
(PBY 
_ (XP) (XpP) 
(AGP CGP) 
_(XeX5) (PP) 
(X{X5) (P*P") 


But 


(P°P’) a Poer® 


- — plerd)-(a+b) 
(P“P’) Pp?) 


and (c + d)—(a+b)=An 


where An is the change in the number of moles. 
So 


a LXeXn) Pe" 
(XX) 
(Xé%5) _ pp 
(X5%5) 


If An is positive, that is, if there are more 
moles of products than of reactants, the right- 
hand side of the equation becomes smaller as 
the pressure P increases. This means that the 
equilibrium must shift in favor of the reactants. 
Similarly, if Av is negative, the equilibrium will 
shift in favor of the products as the pressure P 
increases. This is the thermodynamic explana- 
tion for Le Chatelier’s Principle, as it applies to 
the effect of pressure on the equilibrium com- 
position of a reacting mixture. 
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Application to Pyrotechnics 


Two useful pieces of information about re- 
acting pyrotechnic mixtures are the maximum 
temperature reached and the chemical species 
present at that temperature. In principle, both 
can be calculated from thermodynamics. 


The process for calculating the temperature 
is conceptually very simple: 


1) Calculate the enthalpy change AH° for the 
reaction at standard temperature and pressure. 


2) Assume that all the released heat is available 
to raise the temperature of the products. 


3) Calculate the final temperature from the re- 
lationship: 
fo} 
AT = TAH” 
rn,C,,j 
where AT is the temperature rise in Kelvin, AH° 
is the enthalpy change in joules, n; is the num- 
ber of moles of product i, C,; is the molar heat 
capacity (at constant pressure) of product i and 
the symbol = means “the sum of”. Dolata!*! has 
shown that this method can be used to predict 
the temperatures of the flames of burning pyro- 
technic mixtures that burn at relatively low 
temperatures. 


It has been known for a long time that such 
calculations work quite well for the flame tem- 
peratures of certain gas mixtures that burn at 
moderate temperatures. Examples of such mix- 
tures include coal gas/air or hydrogen/ air with 
either gas in excess.'*! In these calculations the 
“products” are the real end products of the reac- 
tion: carbon dioxide, water, nitrogen and argon 
in the case of an air/coal gas flame. There is no 
need to consider any intermediate products that 
might be formed along the way. For gas flames 
that burn at higher temperatures, however, these 
calculations yield flame temperatures that are 
much higher than the real flame temperatures. 


This discrepancy can be understood if it is 
imagined that the energy released by the forma- 
tion of the reaction’s final products heats those 
products to such a high temperature that they 
start to break down again. This decomposition 
absorbs energy that would otherwise raise the 
temperature of the flame. 
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To calculate the temperatures of high-tem- 
perature flames one must consider not only the 
ultimate products (those that are stable at room 
temperature) but also those intermediate prod- 
ucts that are stable at high temperatures. For 
example, ethylene (C.H,) burns in oxygen to 
form carbon dioxide and water. At the tempera- 
ture of an ethylene-oxygen flame, however, the 
following species are in equilibrium: H,O, O2, 
O, H2, H, OH, CO, and CO;. The enthalpies of 
formation of these are known, but the amount 
of each substance present is not. Nevertheless, 
the amount of each element is obviously con- 
stant, and the equilibrium constants of the vari- 
ous dissociation reactions can be calculated for 
any temperature. Consequently, the problem can 
be solved by trial and error. One makes a rea- 
sonable guess at the temperature and of the par- 
tial pressures of two of the substances. With the 
aid of the equilibrium constants, one can then 
calculate the partial pressures of all the other 
products. The sum of these partial pressures 
should be 1; if it is not, the calculation is re- 
peated. After a few trials, the values for the next 
trial are chosen by carefully examining the re- 
sults of the first few and choosing values that 
are likely to lead in the right direction. With 
care, the method can yield a result after five or 
six iterations. The method, which is explained in 
detail by Gaydon and Wolfhard,'“! can yield re- 
markably accurate results. For example, Snelle- 
man!! measured the temperature of a carefully 
controlled, pre-mixed air-acetylene flame to be 
255443 K. The calculated temperature was 
2600 + 3 K. Energy losses from the flame were 
measured, and when these were taken into ac- 
count, the calculated flame temperature was 
2559+4K, in agreement with the measured 
value. 


The calculation of flame temperatures of a 
burning pyrotechnic mixture is much more com- 
plicated. For a start, the reaction might never 
reach thermodynamic equilibrium. Certain reac- 
tions might take place at relatively low tem- 
peratures, and volatile products of those reac- 
tions might be lost before the system can come 
to equilibrium. Even if equilibrium is reached, 
unless the mixture is an unusually simple one, 
the exact composition of the products might not 
be known. Then, the enthalpies of formation of 
many common ingredients are not known, or if 
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they are known, they may be difficult to find. 
Examples of such ingredients are the natural 
products that are used as binders and fuels in 
fireworks. A compilation of estimated values for 
these has been published by Myerriecks.'**! 


Furthermore, the molar heat capacity of each 
product is not constant but varies with tempera- 
ture. As a result, the products change with tem- 
perature: solids melt, liquids vaporize, and com- 
pounds decompose. The energy consumed in all 
these processes has to be taken into account. If 
all these problems can be overcome, eventually 
a combination of temperature and chemical com- 
position is reached at which the enthalpy of the 
products exactly equals the enthalpy of the re- 
actants. If the enthalpy of the products as a 
function of temperature is available, the maxi- 
mum possible temperature reached in a reaction 
can be obtained graphically. One plots the en- 
thalpy of the products versus temperature and 
then finds the temperature at which the graph 
intersects the line representing the enthalpy of 
the reactants. 


For example, consider the formation of 
iron(II) sulfide from powdered iron and sulfur: 


Fe +S > FeS AH? =-102 kJ 


The reactants are pure elements, so their enthal- 
pies of formation are (by definition) zero. 
Therefore, the enthalpy of the reaction is simply 
the enthalpy of formation of FeS. What is the 
maximum possible temperature that can be 
reached in this reaction? 


Figure | is a graph of the molar enthalpy of 
formation of iron(IJ) sulfide as a function of 
temperature (data from reference 9). The graph 
cuts the zero line at 1463 K. This is the tem- 
perature at which the molar enthalpy of forma- 
tion of iron(II) sulfide equals the room-temper- 
ature molar enthalpies of formation of formation 
of iron and sulfur, and it is the maximum possi- 
ble temperature that could be achieved in this 
reaction. The sharp rise in the curve at 1463 K 
corresponds to the melting of the solid. The 
maximum temperature reached is the tempera- 
ture at which the solid product melts. This is 
consistent with experimental results. A stoichio- 
metric mixture of powdered iron and sulfur 
glows bright red when heated to reaction, and 
the product is found to be partially melted. It is 
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Figure I. Molar enthalpy of iron(II) sulfide as 
a function of temperature.” 


quite common for the maximum temperature of 
a pyrotechnic reaction to be determined by a 
phase change in the products. For example, the 
maximum temperature reached in the combus- 
tion of many metals in air corresponds to the 
boiling point of the metal oxide.'*”! 


The example just given was very simple be- 
cause the possibility of some of the product de- 
composing at the maximum temperature of the 
reaction was ignored. In most cases, the decom- 
position of the product must be taken into ac- 
count. As discussed previously, the increase in 
entropy associated with the formation of gases 
favors the decomposition of compounds at high 
temperatures. The problem is to find the equilib- 
rium composition and the temperature, keeping 
the elemental composition and total energy con- 
stant. 


Thermodynamic Modeling 


Numerous computer programs have been 
developed to calculate high-temperature equi- 
libria.!"°"'7! As noted by Belov,!'”! the incentive 
for developing these programs came from the 
requirement for better rocket engines. The cal- 
culations are done iteratively; that is, an initial 
estimate is made, the calculation is run, and the 
results are used as a starting point for the next 
calculation. This is repeated until the results no 
longer change within pre-selected limits. Ther- 
modynamic data have to be available, as func- 
tions of temperature, for all possible products. 
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The calculation most useful for pyrotechnics 
is the determination of the temperature and 
chemical composition at constant pressure. This 
is done by minimizing the Gibbs free energy, 
with the constraint that the total number of moles 
of each element remain unchanged. The details 
of these calculations are given by McBride and 
Gordon.''”! The calculations are least compli- 
cated when the equilibrium products are all 
gases. If solids or liquids (condensed phases) 
are predicted, the calculations have to be re- 
vised to take into account the fact that the rela- 
tive activity of a condensed phase of a pure 
substance is essentially constant and equal to 1. 
The results of thermodynamic modeling can be 
rather surprising. For example, a simple pyro- 
technic mixture of a pure metal fuel with potas- 
sium perchlorate might be expected to produce 
nothing more than potassium chloride and the 
oxide of the metal. That is certainly what would 
be produced if the products were at room tem- 
perature, but at the high temperatures of the 
reaction the chemical composition will be very 
different. Powers and Gonthier!'*! analyzed the 
operation of a pyrotechnically actuated pin-puller 
device that used a burning mixture of zirconium 
and potassium perchlorate to move a piston. 
The mixture was fuel-deficient: Zr:KC1O,4= 1.4:1, 
compared to the 2:1 molar ratio required for the 
reaction 


2 Zr + KCIO, >2 ZrO, + KCl 


Presumably, this fuel-deficient composition was 
chosen to increase the amount of gas generated 
on combustion. On the basis of the properties of 
the products at room temperature, one would 
expect the reaction products to have been solid 
zirconium dioxide, solid potassium chloride and 
oxygen gas from the excess oxidizer. The cal- 
culations showed, however, that at the high 
temperature of the reaction even the highly re- 
fractory zirconium dioxide was partially vapor- 
ized. All the potassium chloride was vaporized, 
and the following species were calculated also 
to be present as gases: atomic oxygen (O), atomic 
chlorine (Cl), atomic potassium (K), atomic zir- 
conium (Zr), diatomic oxygen (O), diatomic 
chlorine (Cl), diatomic potassium (K2), potas- 
sium monoxide (KO), zirconium monoxide 
(ZrO), chlorine monoxide (CIO) and dipotassium 
dichloride (K,Cl,). As the hot products cooled 
to room temperature this diverse collection of 
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atoms and molecules would react to produce the 
three products (solid zirconium dioxide, solid 
potassium chloride and diatomic oxygen gas) 
that are thermodynamically stable at room tem- 
perature. The chemical nature of the products at 
the high temperatures prevailing during the very 
rapid operation of the device could not have been 
determined by conventional chemical analysis. 


Farren et al.''*! used thermodynamic model- 
ing to simulate the combustion of pyrotechnic 
compositions including those used in US Navy 
colored flares. Their results showed that only 
about 18% of the strontium in the flame of the 
red flare was present as strontium monochloride 
(SrCl), the species that emits the desired red light. 
Most (~65%) was present as strontium dichloride 
(SrCl,), while some (~15%) was there as stron- 
tium (Sr) vapor. Similarly, in the flame of the 
green flare less than 5% of the barium was pre- 
sent as the barium monochloride (BaCl) color 
emitter; most (~93%) was barium dichloride 
(BaCl,), with a little (~1.5%) barium (Ba) vapor 
and the rest as barium monohydroxide (BaOH) 
(~0.7%) and barium dihydroxide (Ba(OH),) 
(~0.5%). The authors concluded that thermody- 
namic modeling “can be recommended as a 
useful tool to survey prospective pyrotechnic 
compositions as to their likely product distribu- 
tions and their likely maximum achievable reac- 
tion temperature. However, those compositions 
showing potential usefulness should certainly 
be mixed, burned and analyzed in the labora- 
tory before being recommended for use in any 
new or improved pyrotechnic device”.!'4! In 
other words, the predictions of modeling must 
be verified by practical experiments. 


Thermodynamic modeling was used by 
Koch!'*! to support his analysis of the reasons 
why lithium compounds have so far been inef- 
fective as color-producing agents in pyrotech- 
nics. His calculations showed that very little 
atomic lithium was expected to be present in 
the flame of a published composition that gave 
a pink flame instead of the anticipated scarlet 
red. Furthermore, Koch showed—by thermo- 
dynamic modeling—that appropriately formu- 
lated compositions should be capable of gener- 
ating much higher concentrations of atomic lith- 
ium, and ought to be effective emitters of red 
light. Recognizing that thermodynamic model- 
ing always requires practical validation Koch 
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wrote, “it is hoped that an experimental proof 
will be found soon”.!"*! 


Successful efforts to produce the beautiful 
deep violet-blue atomic emission of indium in 
pyrotechnic flames have not yet been reported, 
although, like lithium, indium imparts an intense 
color to laboratory flames. Perhaps thermody- 
namic modeling can point the way to achieving 
a deep blue flame with indium. The cost of in- 
dium compounds would prohibit practical appli- 
cations, but it would be an interesting exercise. 


The basic requirements of an effective col- 
ored light composition are straightforward: a 
high concentration of the color-emitting species, 
minimum concentration of other light-emitting 
species and maximum temperature. Since these 
requirements can be in conflict, to achieve op- 
timum results by formulating, manufacturing and 
testing can be time-consuming and expensive. 


In general, the requirements of a pyrotechnic 
composition can be stated in terms of 


1) the chemical composition of the products 
(either at room temperature or at the tem- 
perature of the reaction) and 


2) the maximum temperature of the reaction. 


Thermodynamic modeling provides the possibil- 
ity of developing close-to-optimum composi- 
tions on the computer. This should greatly re- 
duce the burden of formulation and testing. 


Summary and Conclusion 


Chemical systems can be described by a few 
properties called state functions. These include 
temperature 7, pressure P, volume V, internal 
energy U, enthalpy H, entropy S and Gibbs free 
energy G. 


A system is at equilibrium when the state 
functions have constant values throughout the 
system. 


The change in any state function depends 
only on the initial and final states of the system, 
not on the intermediate steps. 


Energy can be transferred between a system 
and its surroundings mechanically, as work, and 
thermally, as heat. The change in the enthalpy 


Journal of Pyrotechnics, Issue 15, Summer 2002 


of a system is the heat absorbed or emitted by 
the system at constant pressure. 


Entropy is related to the degree of molecular 
disorder in a system. An increase in disorder 
corresponds to an increase in entropy. 


A system plus its surroundings is called the 
universe. 


e The energy of the universe is constant 
(First Law of Thermodynamics). 


e The entropy of the universe increases 
(Second Law of Thermodynamics). 


Consequently, 


e For a spontaneous process, the Gibbs 
free energy change is negative. That is, 
AG = AH — TAS is negative for a spontane- 
ous process. 
Consequently: 


¢ If AH is negative (heat is released) and AS 
is positive (molecular disorder increases), 
the process will always be spontaneous. 

¢ If AH is negative (heat is released) and AS 
is negative (molecular disorder decreases), 
the process will be spontaneous at a suffi- 
ciently low temperature. 

« If AH is positive (heat is absorbed) and AS 
is positive (molecular disorder increases), 
the process will be spontaneous at a suffi- 
ciently high temperature. 

¢ If AH is positive (heat is absorbed) and AS 
is negative (molecular disorder decreases), 
the process will never be spontaneous. 

The entropy change AS is positive for any 
process that results in an increase in the molecu- 
lar disorder. Consequently, if the temperature is 
increased sufficiently 


¢ Solids will melt. 
¢ Liquids will vaporize. 
¢ Compounds will decompose. 


¢ Gases will ionize. 

For a system in equilibrium, the Gibbs free 
energy change is zero. Consequently, at constant 
pressure 


e Pure substances have fixed freezing (melt- 
ing) points. 
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e Pure substances have fixed boiling points. 


e There is an equilibrium constant K for 
chemical reactions, given by 


AG° =—RT In K 

The variation of the equilibrium constant with 
temperature and pressure can be calculated from 
thermodynamics. This accounts for Le Chatel- 
ier’s Principle (if.a system at equilibrium is sub- 
jected to a stress, it will respond in such a man- 
ner that tends to relieve the stress) as it applies 
to the effect of pressure and temperature on the 
equilibrium composition of a reacting mixture. 


Thermodynamic modeling allows the maxi- 
mum temperature and chemical composition of 
reacting pyrotechnic mixtures to be estimated 
from the thermodynamic properties of the reac- 
tants and possible products. 


Table 1| (at the end of this article) shows, for 
illustrative purposes only, thermodynamic prop- 
erties of some substances relevant to pyrotech- 
nics. More complete data is available in Refer- 
ence 9, for example. Table 1 is a continuation 
of the Table published in the first article in this 
series.”! Several typographical errors in the 
original Table have been corrected in this one. 
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Table 1. Formula Weights and Thermodynamic Properties for Some Substances Relevant to 
Pyrotechnics. 


NH,Cl 
NH,NO3 
NH,ClO, 


atomic chlorine 
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Table 1. Formula Weights and Thermodynamic Properties for Some Substances Relevant to 
Pyrotechnics (Continued). 


vmmmllll. oxide] Fe,Os | 159,69 [824 | 742 | 0.087. | 0.104 
(IL Il) oxide 


ele a a: cc oc a 
carbonate 
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carbonate : 
chlorate 
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perchlorate 
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Table 1. Formula Weights and Thermodynamic Properties for Some Substances Relevant to 
Pyrotechnics (Continued). 


Chemical Chemical Formula AG? C,° 
Name Formula [a] _ |Weight 2 = [b] 


Strontium 2 Ut PEO attr 2 
carbonate 


sed AMOMDIC) |... 
1 O29) asp 
$O3(g) 


[a] Unless otherwise indicated, these are crystalline solids. Gases are indicated as (g) and liquids as (1). 


[b] Values are for 298.15 K, with units of kJ/mol. 


Data are from references 9, 16 and 17. If data were inconsistent in the references, the most recent value is 
quoted. Data were rounded to the number of significant figures presented in the Table. 
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Studies of Electric Match Sensitiveness 


K. L. and B. J. Kosanke 
PyroLabs, Inc., Whitewater, CO 81527 USA 


ABSTRACT 


The sensitiveness of a collection of ten elec- 
tric match types, from four suppliers, was deter- 
mined under conditions intended to reflect their 
actual use to ignite fireworks displays. The meas- 
urements included determinations of impact, 
electrostatic discharge (ESD), friction, and 
thermal sensitiveness. The ESD tests considered 
discharges both through the bridgewire and 
from the bridgewire through the composition to 
ground. When safety shrouds were provided by 
the manufacturer, additional impact and ESD 
(through the composition) testing was performed 
with the safety shrouds left in place on the elec- 
tric match tips. (Note that users often remove the 
protective shrouds for convenience during use.) 
To simulate conditions during use, additional 
impact and friction testing was performed with 
Black Powder prime composition in the pres- 
ence of match tips. 


It was found that there was a wide range of 
electric match sensitiveness, that the presence of 
the shrouds provided significant decreases in 
sensitiveness, and that the presence of Black 
Powder prime did not significantly affect sensi- 
tiveness. 


Keywords: electric match, e-match, impact 
sensitiveness, friction sensitiveness, thermal 
sensitiveness, electrostatic discharge 
sensitiveness, ESD, sensitiveness testing 


Introduction 


Although more expensive and time consum- 
ing to set up, when compared to traditional re- 
loaded and manually ignited fireworks displays, 
electrically fired displays have become increas- 
ingly common. For the most part, this is because 
they offer the potential for greater artistry, 
through the use of intricate display choreography 
often synchronized to music. However, electri- 
cally fired displays also offer the potential for 
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greater display crew safety by requiring a smaller 
number of firing crew members and by separat- 
ing them from the mortars and the occasional 
malfunctioning aerial shell. Unfortunately, too 
often the full potential for increased crew safety 
has not been achieved, with the crew sometimes 
trading accidents caused by aerial shell mal- 
functions for those caused by the accidental 
ignition of electric matches during transportation, 
set-up and disassembly. 


A study of electric match (e-match) sensitive- 
ness was completed for ten different match types 
from four suppliers, and brief summaries of the 
results have been reported in a series of short 
articles in Fireworks Business.''! The present ar- 
ticle was written to allow full presentation of 
the data and a number of photographs, as well 
as to allow a more complete comparison of the 
results. Table 1 lists the various suppliers and e- 
match types. Table | also presents the abbrevi- 
ated designations of the e-matches used in many 
of the data tables throughout this article. 


Table 1. List of Suppliers and Types of 
E-Matches Tested. 


aan, ee | 
Supplier Designation Used 
A/N 28 B 


A/N 28 BR 
AIN 28 F 


Daveyfire!”! 


Luna Tech"! 


Martinez 
Specialties”! 


More than 1500 individual tests and measure- 
ments were performed during this study. How- 
ever, it is important to acknowledge that, because 
of the large number of different combinations 
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of e-match types and test configurations used, 
this sensitiveness testing must only be consid- 
ered a screening study. For the most part, this is 
because only a limited number of individual 
tests were performed during each sensitiveness 
determination. Also note that the standard sensi- 
tiveness tests were often modified in an attempt 
to better characterize the e-matches in the envi- 
ronment of their use in fireworks displays. Ac- 
cordingly, the statistical precision achieved is 
only sufficient to approximately characterize and 
rank the sensitiveness of the various e-matches, 
and then only under the specific conditions of 
this testing. For e-matches producing similar 
results, had additional numbers of matches been 
tested or had the conditions been somewhat 
different, it is possible that slightly different 
results would have been found. Nonetheless, 
additional tests or somewhat different test con- 
ditions would not be expected to produce sub- 
stantially different results. 


As a consequence of these only being con- 
sidered screening tests, discussion of the results 
is often couched in terms indicating a signifi- 
cant lack of certitude. For example, terms such 


as “it is likely”, “it would seem”, “it is thought”, 
etc. are frequently used. 


The e-matches for these tests were supplied 
in late 1999. Accordingly, it is possible that cur- 
rent production e-matches from these same sup- 
pliers have been modified in some way, which 
may have caused them to have sensitiveness 
results different than those reported herein. 


Background 


Figure | is an illustration of a typical electric 
match. It most commonly consists of an electri- 
cally insulating substrate with copper foil clad- 
ding, somewhat similar to that used for printed 
electrical circuits. The size of the e-match tip is 
often approximately 0.4 inch long by 0.1 inch 
wide by 0.03 inch thick (10 by 2.5 by 1 mm), 
exclusive of the pyrotechnic composition. Cop- 
per leg wires, used to attach the e-match to the 
firing control system, are soldered to the copper 
cladding. Completing the electric circuit within 
the e-match tip is a thin, high-resistance bridge- 
wire (nichrome) soldered across the end of the 
substrate. The tip of the e-match is dipped into 
one or more heat sensitive pyrotechnic compo- 
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Figure 1. Illustration of a typical electric 
match in cross-section (left) and viewed 
externally after rotating 90 ° (right). 


sitions, typically depositing about 40 mg of ma- 
terial. Then a protective lacquer coating covers 
the pyrotechnic composition. For the most com- 
monly used e-matches, when an electric current 
of approximately 0.5 ampere is passed through 
the e-match, the relatively high-resistance bridge- 
wire heats sufficiently to cause the ignition of the 
pyrotechnic composition. This produces a small 
burst of flame that is used to cause the ignition 
of a firework. (There are some significant differ- 
ences in the construction and performance of 
the ten e-match types studied. However, a proper 
presentation and discussion of this is well be- 
yond the scope of the present article. Accord- 
ingly, information on the construction and per- 
formance characteristics of these e-matches must 
be deferred to a subsequent article.'*!) 


Figure 2 is a series of photographs of some 
of the types of e-matches tested in this study. 
Two views of each e-match are shown (rotated 
90° from each other), as well as one view with 
a cut-away safety shroud when that was pro- 
vided by the manufacturer. Some e-match types 
were not included in Figure 2 because they are 
similar in appearance to those shown. The Aero 
Pyro e-matches and Daveyfire A/N28B e- 
matches are similar to the Daveyfire A/N 28 BR 
e-match shown. However, the Daveyfire A/N 28 
B e-match has somewhat less pyrotechnic com- 
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position than the A/N 28 BR, and the Aero Pyro 
e-matches were not supplied with safety shrouds. 
The Luna Tech BGZD e-match appears identi- 
cal to their Flash e-match except for a different 
color coating. The Martinez Specialties E-Max 
e-match is virtually identical in appearance to 
their Titan e-match. 


Pyrotechnic compositions are said to be me- 
tastable, meaning that they are stable under nor- 
mal conditions, but when supplied with sufficient 
activation energy, they react to release their 
store of chemical energy,'” typically in the form 
ofa flame. For an e-match, the activation energy 
is intended to be the thermal energy produced 
by an electric current passing through the high- 
resistance bridgewire. However, the activation 
energy can come from other unintended sources, 
such as mechanical energy from impact or fric- 
tion, or the electrical energy from an electrostatic 
spark, etc. When there is an unintended ignition 
of an e-match, too often this is the initiating 
cause of a significant accident, sometimes with 
the most serious of consequences. 


In general, hazards are managed by reducing 
the probability of the accident occurring, reduc- 
ing the consequences of the accident should it 
occur, or preferably by reducing both the prob- 
ability and consequences.'*! In the case of e- 
matches, the probability of having an accidental 
ignition is reduced by taking measures to limit 
the unintentional delivery of energy to the pyro- 
technic composition. This can be accomplished 
using measures as simple as educating workers 
to take care not to forcefully crush the e-match, 
or not to allow the forceful rubbing of the e- 
match against an abrasive surface. In addition, 
for e-matches used in situations where accidental 
crushing or rubbing might be expected, some 
manufacturers provide soft plastic safety shrouds 
to help protect the e-match tips. Clearly, the fir- 
ing crew should be instructed to leave the safety 
shrouds in place and not to remove them during 
use (as is often done for convenience). 


As is generally true for pyrotechnics, the 
consequences of having an accidental ignition 
of an e-match can be reduced by limiting the 
amount of fireworks in the immediate work area. 
Work should be performed in a manner such 
that, in the event of an accidental ignition, only 
one item will ignite and that it is unlikely that 
anyone will be seriously injured by that single 
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DF-BR 


LT-F 


Figure 2. Photographs of some of e-matches 
studied. (Each background square is 0.10 inch, 
2.5 mm.) 
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ignition. For example, consider the case where 
an aerial shell has been loaded into its mortar 
before inserting an e-match into its shell leader 
and wiring the e-match into the firing circuit. In 
the event of an accidental ignition of that shell, 
it is likely that only the one shell would ignite 
and that it should fire relatively harmlessly into 
the air. (Of course, that assumes care was taken 
to not have any body parts over the mortar 
while working.) 


In this study of electric match sensitiveness, 
it was found that the various e-matches demon- 
strate a wide range of sensitivity to accidental 
ignition. However, it is important to note that 
none were found to be so sensitive as to pre- 
clude their safe use, provided appropriate levels 
of care are taken. Further, it is a general principle 
of pyrotechnics that materials that are less prone 
to accidental ignition also tend to be more diffi- 
cult to ignite intentionally. Thus, it should not 
automatically be assumed that the least sensitive 
e-match is the best choice for every application. 


Impact Sensitiveness 


Normal Configuration 


The impact sensitiveness apparatus was of a 
standard drop-hammer (fall-hammer) design; 
however, because of the relatively high sensi- 
tiveness of e-matches, lighter than normal drop 
hammers were used. In these tests, a one-half 
kilogram drop hammer was used with the more 
sensitive e-matches and a one-kilogram drop 
hammer was used with the less sensitive e- 
matches. An additional modification was made 
in an attempt to better simulate the use environ- 
ment of the e-matches. Typically, impact sensi- 
tiveness testing is performed by placing a sam- 
ple between two steel anvils that are then forced 
together by the impact of the drop hammer. How- 
ever, in this case, the match tips were inserted 
inside a fold of 0.010-inch (0.25-mm) thick pa- 
per card stock (see Figure 3) and the drop ham- 
mer was allowed to fall directly on the assembly. 
Also, because the solder connections on some 
of the e-match tips were thick enough to have 
absorbed some of the impact energy, the solder 
connections of the e-matches were cut off and 
only the very end of the match tips, with the 
pyrotechnic composition, were used in the tests. 
The e-match tips were oriented such that their 
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wide dimension was parallel to the impact sur- 
faces. For these tests, any shrouds supplied with 
the e-matches had been removed. (Because al- 
most all of the impact energy was absorbed ine- 
lastically, no measures were taken to keep the 
drop hammer from bouncing.) 


Card Stock 


| <——————_-_ Match Tip 


KLS LLL LLL LL — Lower Anvil 


Figure 3. Illustration of the “normal” impact 
test sample configuration. 


For each e-match type, approximately 20 
were impact tested using the standard stair-step 
(Bruceton) method."! The results from testing 
using the normal configuration, as shown in Fig- 
ure 3, are indicated in the “Test” column of Ta- 
ble 2 as “N-1/2” or “N-1”, depending on whether 
the 1/2 or 1 kg drop hammer was used. The in- 
dividual test results are reported as a pair of 
numbers, indicating the number of ignitions and 
non-ignitions, respectively, for each drop height 
used. The sensitiveness results are the Bruceton 
calculated heights that caused ignitions 50% of 
the time and are reported to the nearest inch. 
When the one-kilogram drop hammer had been 
used, the reported results were doubled (i.e., nor- 
malized to the corresponding half-kilogram drop 
hammer heights). (There is some concern that 
such drop-hammer normalization may not be 
completely correct. However, it was done to al- 
low an easy comparison of results using the two 
different mass drop hammers.) 


Based on these limited results, it would seem 
that the Aero Pyro, Daveyfire A/N 28 B and A/N 
28 BR, Luna Tech BGZD, and Martinez Special- 
ties E-Max Mini e-matches were all approxi- 
mately equally sensitive, falling in the most sen- 
sitive group (50% sensitiveness height of seven 
to ten inches or 180 to 250 mm). A little less sen- 
sitive were the Luna Tech OXRAL and Marti- 
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Table 2. Results of Impact Sensitiveness Testing. 


Drop Height (inches) BP 


E-Match 
Test” [6 [| 9 | 12 | 15 | 18 | 21 | 24 | 30 | 36 | 42 | 48| ia) Sens.” 
| | 


a) Incolumn 2, “N” indicates the use of the set-up as shown in Figure 3. “S” indicates testing with the safety 
shroud in place. “1/2” indicates use of a 1/2-kg drop hammer and “1” indicates use of the 1-kg drop hammer. 


b) For conversion of drop height to SI units, 1 inch = 25.4 mm. Reported are the number of ignitions and non- 
ignitions that occurred at this height. For example, “6/2” would indicate there were 6 ignition and 2 non- 
ignition events recorded at this particular drop height. 


c) This is the height, reported to the nearest inch, that was calculated using the Bruceton method"! to produce 
ignitions 50% of the time (i.e., it is the 50% impact sensitiveness). Those entries prefaced by an “S” indicate 
the result is for an e-match with its safety shroud in place. 

d) This is an indication of the effect of the presence of Black Powder prime. It is the number of ignitions and 


non-ignitions that occurred in the presence of Black Powder, in tests performed at the 50% drop height found 
previously during testing without Black Powder present. 


e) The practical impact height limit for the instrument being used was 48 inches. For a | kg hammer mass, this 
approximately corresponds to an equivalent 96 inches (2.4 m) had a 1/2 kg mass hammer been used. The 


sensitiveness of these e-matches fell below the limit of the instrument using a 1-kg drop hammer. 


nez Specialties E-Max e-matches (50% height 
of 14 to 18 inches or 360 to 460 mm). The Davey- 
fire A/N 28 F, Luna Tech Flash, and Martinez 
Specialty Titan e-matches were all much less 
sensitive (50% height of 296 inches or 2.4 m). 
(Note that the practical impact height limit for the 
instrument being used was 48 inches (01.2 m). 
For a 1-kg hammer mass, this approximately 
corresponds to an equivalent 96 inches (2.4 m) 
for a 1/2-kg mass hammer.) 


As a point of comparison, rough Black Pow- 
der harvested from some Horse Brand black 
match was recently found to have a 50% impact 
sensitiveness height (using steel anvils) that was 
roughly comparable to that of the least sensitive 
electric matches (Daveyfire A/N 28 F, Luna Tech 
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Flash, and Martinez Specialty Titan). In this con- 
figuration, without safety shrouds, all of the 
other e-match types are five to ten times more 
sensitive to accidental ignition from impact. Ac- 
cordingly, such e-matches must be treated with 
much care and respect. 


One additional point should probably be 
raised regarding these impact sensitiveness re- 
sults. In performing the testing on completed e- 
match tips, it appears there may be an effect due 
to the physical size of the mass of composition. 
Note that the sensitiveness of the Martinez Spe- 
cialties E-Max Mini e-match is significantly 
greater than that for the E-Max e-match. It is pos- 
sible that this is an effect of a difference in the 
size of the two e-match tips (see again Figure 2) 
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with the impact force being more concentrated 
on the smaller e-match tip. It is possible that a 
similar effect is seen for the Daveyfire A/N 28 B 
and A/N 28 BR e-matches, where results suggest 
that the larger A/N 28 BR e-match is a little less 
sensitive. 


Effect of Black Powder 


It has been speculated that some e-match 
compositions may be more sensitive to acciden- 
tal ignition when in the presence of Black Pow- 
der, perhaps because of the sulfur contained 
therein. Accordingly, the matches in this study 
were subjected to impact sensitiveness testing in 
the presence of Black Powder. The normal test 
configuration was modified slightly, as illus- 
trated in Figure 4. In these tests the inside sur- 
face of the piece of card stock around the e- 
match was heavily painted with a slurry of 
Black Powder (bound with 5% dextrin) and 
allowed to dry thoroughly before testing. How- 
ever, to conserve on the number of individual 
tests performed, a full set of Bruceton impact 
tests was not performed. Instead, for each e- 
match type, a series of just ten individual im- 
pacts were used, each time using the 50% im- 
pact sensitiveness height found previously in 
the testing without Black Powder. If the presence 
of Black Powder had no effect on impact sensi- 
tiveness, the number of ignitions should be 
roughly five out of the ten tests. The results of this 
testing are presented as a pair of numbers in the 
final column of Table 2, indicating the number 
of ignitions and non-ignitions, respectively. 


Card Stock 


_k Black Powder 
i <—_—_ _ Match Tip 


CLEELIL MDA <— Lower Anvil 


Figure 4. Illustration of the impact test sample 
configuration, with Black Powder prime 
present. 
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Within the precision limits of this testing, for 
a finding of three to seven ignitions, it must be 
concluded that any effect due to the presence of 
Black Powder is probably relatively small. Based 
on the testing, most of the e-match types are in 
this category. However, it is fairly likely that a 
finding of eight or more ignitions indicates added 
sensitiveness as a result of the presence of the 
Black Powder. The only e-match falling in this 
group was the Luna Tech BGZD e-matches. 
Because these e-matches were already found to 
be fairly sensitive to impact—even without the 
presence of Black Powder, it might seem that this 
is a matter of particular concern. However, it 
must be recognized that the Luna Tech BGZD 
matches are intended for use in stage effects 
where it is significantly less likely to be sub- 
jected to impact, than if they were being used in 
fireworks displays. Further, it is even less likely 
that they will be subject to a significant impact 
in the presence of Black Powder. 


The Daveyfire A/N 28 F and Luna Tech Flash 
e-matches had been found to have 50% impact 
sensitiveness heights without the presence of 
Black Powder that exceeded 96 inches (2.4 m) 
(as corrected for using a 1/2-kg drop hammer). 
These e-matches were retested using the same 
impact (1-kg drop hammer at 48 inches or 01.2 m) 
with Black Powder present. For the Daveyfire 
A/N 28 F e-matches in the presence of Black 
Powder, there were now seven ignitions in ten 
tests, whereas without Black Powder there had 
been only one ignition in 6 tests. Accordingly, it 
would seem that there is an added sensitiveness 
due to the presence of Black Powder. However, 
since these e-matches are among the very least 
impact sensitive e-matches, it is thought not to 
be of significant concern. For the Luna Tech 
Flash e-matches, there were zero of six ignitions 
at 96 inches (1.2 m) without Black powder and 
zero of five ignitions in the presence of Black 
Powder. (In both cases the testing was terminated 
early because more definitive results seemed 
unlikely.) Accordingly, it is not possible to 
speculate on the possibility of their being more 
impact sensitive in the presence of Black Pow- 
der; however, they were the least impact sensi- 
tive of all the e-matches tested. 


In one case, the impact results suggest that 
there might have been a reduction in the sensi- 
tiveness observed. It seems likely that this is an 
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artifact of the test method. It is suspected that 
the presence of Black Powder provided more 
material over which the force of the impact was 
distributed. For that reason it might have been 
expected that reduced sensitiveness would be 
found. (This is similar to the size effect discussed 
above for the E-Max and E-Max Mini matches.) 


Effect of Safety Shroud 


Some e-match suppliers, in particular those 
whose customers are likely to use the e-matches 
to ignite fireworks, supply safety shrouds for 
their e-matches. (Safety shrouds are a soft plastic 
covering for an e-match.) These are either pre- 
installed or available for customer installation. 
(See Figure 5 for an illustration of a typical e- 
match and shroud configuration.) Suppliers of 
e-matches for use in proximate audience pyro- 
technics typically do not supply shrouds, or they 
offer them as an optional feature. In the proxi- 
mate audience use environment, it is often nec- 
essary to install e-matches through small holes 
in hardware (e.g., into flash pots and concussion 
mortars) or into small preload devices. Such 
installation often precludes the use of shrouds 
and tends to obviate the benefits of safety shrouds 
because of their use in a more physically pro- 
tected environment. 


Safety Shroud 


Y Leg Wires 


E-Match 


wereteTeTe"e7e"eTeTe 7 ere" 
weetetetetetesese, 
@-=6-6-6-8-e- 


Figure 5. Illustration of a typical e-match with 


its molded safety shroud in place (not to scale). 


While the safety shroud acts to direct the 
combustion products of the e-match ignition out 
its open end, itis generally thought that the pri- 
mary purpose of the shroud is to protect the e- 
match and thus reduce its sensitiveness to acci- 
dental ignition. Accordingly, the e-matches in 
this study that were supplied with safety shrouds 
were subjected to impact sensitiveness testing 
with their shrouds in place. 
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The safety shrouds found on the Daveyfire 
e-matches and the Luna Tech OXRAL e-match 
are specially molded, similar to that shown in 
Figure 5. The soft plastic appears to be polyeth- 
ylene, and although removable, the matches were 
supplied with the shrouds already in place. The 
shrouds for the Martinez Specialties e-matches 
were short lengths of soft plastic or rubber tub- 
ing (apparently a type of silicone or Tygon tub- 
ing) and needed to be installed on the e-matches 
by the user when desired. Because of the e- 
match’s somewhat arrowhead shape, this was 
fairly easy to accomplish and the safety shrouds 
tended to stay in place reasonably well. 


The shrouded e-match impact sensitiveness 
testing was conducted using much the same 
method as used in the testing without the pres- 
ence of safety shrouds. However, those e-match 
types not supplied with shrouds were not re- 
tested. One modification to the test configura- 
tion was that the e-matches were held in place 
on a piece of card stock (0.010 inch) using a 
small piece of cellophane tape. (See Figure 6.) 
This was to help hold the shrouded e-matches 
in the same orientation as in the testing without 
shrouds. In the shrouded e-match tests, there 
were generally approximately 20 separate test 
impacts for each e-match type, again using the 
stair-step (Bruceton) method.”! The results of the 
testing are also presented in Table 2, with the 
data designated as “S-1”, where “S” indicated 
that the e-matches had their shrouds in place, 
and the “1” indicated that the 1-kg drop ham- 
mer was used. 


<———\__ Impact Force 


Cellophane 
J Tape 

Safety Shroud 

E-match Tip 

Card Stock 


Lower 
ELBE ESS 


Anvil 
Figure 6. End-on, cross-sectional illustration 
of the configuration used for shrouded e-match 
impact testing. 


Page 49 


For those e-match types for which previous 
impact tests without a shroud produced a 50% 
impact sensitiveness height of at least 96 inches 
(equivalent for the 0.5 kg drop hammer) no test- 
ing was performed with safety shrouds in place. 
This is because it was thought that the impact 
sensitiveness of these matches was already so 
low as not to present a significant potential im- 
pact hazard during normal use. (In addition, any 
e-matches that were not supplied with shrouds 
were not tested.) As expected, for the five e- 
match types that were tested, it was found that 
the presence of the shroud provided a substan- 
tial decrease in impact sensitiveness. The de- 
crease ranged from a factor of three to eight and 
averaged a factor of a little more than five. That 
is to say, with the shrouds in place approxi- 
mately five times greater impact energies were 
required to produce an ignition. Obviously, the 
presence of the safety shrouds on those e-matches 
that were fairly sensitive to impact stimulus af- 
fords a substantial safety benefit, and display 
crews should be instructed to leave them in place. 


Electrostatic Discharge (ESD) 
Sensitiveness 


In these tests, ESD sensitiveness was deter- 
mined for two configurations. In the first series 
of tests, the electric discharge current was passed 
through the e-match bridgewire in much the same 
fashion as the intended firing current. This is 
illustrated in the upper drawing of Figure 7. In 
the second series of tests, the discharge current 
passed from the bridgewire through the pyro- 
technic composition to ground, as illustrated in 
the lower drawing of Figure 7. 


Figure 7. Illustration of the two basic ESD test 
configurations used in this study. 
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The high voltage discharge current used in 
this testing was provided by an instrument whose 
basic circuit diagram is shown in Figure 8. Each 
of the three main circuit components (R,, Rs, 
and C) are removable so that their values can be 
selected as appropriate for the specific testing 
being performed. For these e-match tests, the 
charging resistor (R,) was always 3.3 megohms, 
the series resistor (R,) was always 100 ohms, 
and the charge storage capacitor (C) was varied 
between 0.001 and 0.25 microfarads depending 
on the ESD sensitiveness of the particular type 
of e-match being tested. In each case, to assure 
the full charging of the storage capacitor, the 
instrument was operated such that the charging 
time was at least 10 RC time constants. The 
maximum high voltage available from the power 
supply used in these tests was 6 kilovolts. In the 
first test configuration (ESD passing through the 
bridgewire), solid electrical connections were 
made directly to the individual e-match leg wires. 
For each e-match type, approximately 20 indi- 
vidual discharge tests were performed, using the 
standard stair-step (Bruceton) method."”! 


Vacuum 


Adjustable 
High Voltage 


Power Supply 


Figure 8. Circuit diagram for the ESD test 
apparatus used in this study. 


While it is more typical to perform ESD sensi- 
tiveness testing using a higher voltage (up to 
25 kV) than was used in these tests, it is thought 
that the lower voltages were a somewhat more 
realistic limit to the charge potential that might 
be developed on persons working at a fireworks 
display site in typical summer humidity. Another 
modification from more typical ESD testing con- 
ditions was the use of a series resistance of only 
100 ohms as opposed the commonly used value 
of 500 ohms, !'°! (or even 5000 ohms as used in 
some military ESD testing!'!), For human in- 
duced discharges, the series resistor is intended 
to be a substitute for a contact resistance person 
delivering an ESD to an e-match. The choice of 
this lower resistance value was somewhat arbi- 
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Table 3. Electrostatic Discharge Sensitiveness Test Results. 


a) Two test configurations were used. TBW indicates the through-the-bridgewire configuration, and TC indicated 
through-the-composition configuration, the upper and lower configurations shown in Figure 7, respectively. 


b) This is the value of the storage capacitor (in micro Farads—uF) labeled “C” in Figure 8. 


c) This is the minimum voltage used during the testing of this type of e-match using the configuration listed. 


d) This is the step size used (i.e., the voltage difference between adjacent stimulus levels). 


e) These are the number of ignitions and non-ignitions that occurred at this ESD test voltage. For example, 
“6/2” would indicate there were 6 ignitions and 2 non-ignitions at this particular voltage. The voltage is equal 
to the minimum voltage (c) plus the product of the step size (d) and the number of steps. 


f) This is the ESD energy that produced an ignition approximately 50% of the time. Because of the limited pre- 
cision of these results, the energy values for through-the-bridgewire test configuration (TBW) are reported to 
the nearest 10 mJ, or two significant figures, whichever is less precise. 


g) Because of the additional uncertainty associated with the removal of the protective coating, the energy values 
for through-the-composition test configuration (TC) are reported to only one significant figure. 


h) Because of some concern regarding the accuracy of the initially collected data, some additional trials were 
conducted using a second production lot of the Luna Tech Flash matches. 


trary; however, measurements involving a heav- 
ily sweating person confirmed that body resis- 
tances of no more than approximately 100 ohms 
are common. 


The choice of series resistance for these tests 
is an important parameter, in that it determines 
the partitioning of energy between that deliv- 
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ered to the series resistance and that delivered 
to the item under ESD test. Ignoring impedances 
other than resistance, the ESD energy being 
provided divides proportionally between the two 
resistances (in this case, between the series re- 
sistor and the e-match). Accordingly, with a 2- 
ohm test item and a 100-ohm series resistor, 
approximately 2% of the ESD energy is deliv- 
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ered to the test item. However, had a 500-ohm 
series resistor been chosen, only 0.4% (or 1/250) 
of the ESD energy would have been delivered 
to the test item. In addition to the 100-ohm body 
resistance being more likely, it was felt that 
using a 500-ohm series resistor in these tests 
might have given the reader a false sense of 
security regarding the ESD sensitiveness of e- 
matches under conditions typical of their use at 
fireworks displays. 


Through-the-Bridgewire Test Configuration 


The ESD sensitiveness test conditions and 
results for the through-the-bridgewire test con- 
figuration are presented in Table 3 with the des- 
ignation of “TBW” in the column labeled “Test”. 
The value of the charging capacitor for this test 
configuration ranged from 0.01 to 0.25 micro 
Farad (uF) depending on the approximate sensi- 
tiveness of the e-matches and is given in the 
column labeled “Cap.” The lowest ESD voltage 
used for each type e-match and the voltage in- 
crement between the steps used for that e-match 
are given in the next two columns of Table 3, 
labeled “Min.” and “Step”, respectively. The 
next series of columns present the data from the 
individual test firings, where each pair of num- 
bers is the number of ignitions and non- 
ignitions, respectively. The first of this series of 
columns, labeled “0”, has the data obtained us- 
ing the minimum test voltage. The succeeding 
columns, labeled “1” through “6”, have the data 
obtained using stepwise increasing voltages. 
The final column of Table 3, labeled “Sens.”, 
presents the sensitiveness results given as the 
discharge energies that produced ignitions in 
approximately 50% of the tests. (Note that 
some degree of caution is necessary in inter- 
preting these results, because the test conditions 
used in these tests were significantly different 
from those often reported in the literature. Ac- 
cordingly, the values reported in Table 3 must 
not be compared with values reported else- 
where, unless an adjustment is made to account 
for those significant differences in test condi- 
tions.) 


Regarding ignitions produced by an ESD 
through the bridgewire, the e-matches can be 
roughly divided into four groups. Based on these 
limited results, it would seem that the Daveyfire 
A/N 28 B and BR, and the Martinez Specialties 
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E-Max and E-Max Mini fall in the most sensi- 
tive group (70 to 80 mJ). A little less sensitive are 
the Aero Pyro, Luna Tech BGZD and OXRAL 
e-matches (100 to 120 mJ). Significantly less 
sensitive are the Daveyfire A/N 28 F and Mar- 
tinez Specialties Titan e-matches (240 to 260 mJ). 
Substantially less sensitive still are the Luna 
Tech Flash e-matches (1900 mJ). 


As a point of comparison, consider that the 
approximate maximum ESD energy that can be 
developed on a typical person (200 pF and 
25 kV)'"7! is on the order of 60 mJ. However, 
note that there are conditions under which a per- 
son can act as a conduit passing much greater 
ESD energy, from other objects that may be 
capable of storing considerably larger charges 
than a human body stores. 


E-Match Tip Protective Coating Evaluation 


The e-matches examined in this study all have 
a protective coating over their pyrotechnic com- 
position. This coating provides a level of protec- 
tion from physical damage during handling and 
use, as well as possible damage from exposure 
to moisture. The coatings also provide a signifi- 
cant degree of electrical insulation, which gener- 
ally limits the ability to cause an ESD from the 
bridgewire through the composition (and its coat- 
ing). However, imperfections are occasionally 
observed in the e-match coatings, such that dis- 
charges through the composition can potentially 
occur. These imperfections can occur as a normal 
consequence of manufacturing methods or as a 
result of the e-match tip being physically dam- 
aged (from crushing or abrasion) during handling 
and use. A close examination of e-match tips 
from each of the suppliers, revealed occasional 
visible imperfections (apparent voids or holes) 
in their coatings. Figure9 is a collection of 
electron micrographs of such imperfections ob- 
served for each of the various suppliers’ e- 
matches. (It should be mentioned that only one 
example ofa coating imperfection was found for 
the Aero Pyro matches, shown in Figure 9. Fur- 
ther, because those matches are apparently 
coated twice, and the imperfection was only in 
one of the coating layers, thus even in that one 
case there was ample ESD protection.) 


Journal of Pyrotechnics, Issue 15, Summer 2002 


Figure 9. A collection of electron micrographs of imperfections found in some of the e-match tips from 
the various suppliers, with the image on the right being a close-up view of the imperfection. 
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Table 4. Minimum E-Match Tip Coating Resistance Measurements.” 


Lowest Resistance 
E-Match Lowest Resistance of Each E-Match Tip (Ma) 
T ae 


V2 oo a 6 rt 8 e104 


a) Because of a fairly large uncertainty in the resistance measurements, all values are reported to only one sig- 


nificant figure. 


b) This is the lowest single point resistance, in megohms (MQ), found on each of ten individual e-matches of 
this type. The reporting of a value of 500 means that at no point on the surface of the e-match tip was the re- 


sistance found to be less than 500 MQ. 


c) This is the lowest single point resistance value found on any of the ten individual e-match tips. 


d) This is the average of the lowest single point resistances for the collection of ten e-matches. When the lowest 
resistance value for an individual e-match was >500 MQ, a value of 500 MQ was used. When the lowest re- 


sistance value was <1 MQ, a value of 0 was used. 


To evaluate the nature of the e-match coat- 
ing imperfections, a megohm meter, specifically 
designed to make high resistance measurements, 
was used to measure coating-to-bridgewire re- 
sistances. In stark contrast to typical resistance 
measuring instruments, this instrument applies 
a test voltage up to 200 volts (but with very 
limited current). The intention is that these higher 
voltages would induce dielectric breakdowns in 
imperfect e-match tip coatings similar to those 
produced during an ESD event. One terminal of 
the instrument was connected to the e-match leg 
wires, and a test probe—with a small rounded 
tip—was connected to the other terminal of the 
instrument. The probe was moved over the e- 
match tip looking for points with relatively low 
resistance. (Only those areas of the match tip 
where pyrotechnic composition was present 
were investigated.) In most instances, the coat- 
ings on the e-matches were found to provide a 
resistance of more than the maximum instru- 
ment reading, 500 megohms (MQ); however, a 
fair number of e-match tips had one or more 
points on their coating where relatively low 
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resistance values were found. The point on the 
e-match tip found to have the lowest resistance 
value was noted for each of a collection of ten 
e-matches of each type. Table 4 has those indi- 
vidual resistance values, plus both the minimum 
point resistance observed for any e-match tip in 
each group of ten tips of the same type and the 
average of the minimum resistance values for 
each set of ten e-matches. (For comparison, note 
that the resistance of unglazed Black Powder 
grains (20 mesh) was found to be in excess of 
500 MQ, and the resistance of glazed Black 
Powder grains was found to be less than 1 MQ.) 
Because of a fairly large uncertainty in the re- 
sistance measurements, all values in Table 4 are 
reported to only one significant figure. (Further, 
given the nature of dielectric breakdown, the 
resistance values are expected to depend on the 
measurement voltage.) 
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Table 5. Additional Through-the-Composition ESD Test Results. 


Number of Ignitions in 10 trials 


E-Match | Without Shroud” 


With Shroud — 18 mJ‘ 


g/BP [u/BP® | Air” 


1 


a) These tests were performed at 6 kV. To store an ESD energy of 18 mJ, a 0.001 uF charging capacitor was 
used. To store an ESD energy of 180 mJ, a 0.01 UF capacitor was used. 


b) For those e-matches supplied with safety shrouds, they were removed for these tests. 


c) These tests were only performed for the e-matches with safety shrouds, and they used the lower stored ESD 
energies of 18 mJ. The “—” symbol is meant to indicate those e-matches not supplied with safety shrouds, 


which were not tested. 


d) The “g/BP” column is the number of ignitions that occurred when the end of the safety shroud was filled with 


glazed Black Powder. 


e) The “u/BP” column is the number of ignitions that occurred when the end of the shroud was filled with 


unglazed Black Powder. 


f) The “Air” column is the number of ignitions that occurred when nothing filled the end of the shroud. 


g) These e-match types were not tested at the higher ESD energy because there were at least two ignitions at the 


lower energy. 


Through-the-Composition Test 
Configuration 


A limited number of through-the-composition 
ESD sensitiveness tests were conducted. This 
was accomplished by connecting the positive 
terminal of the ESD test apparatus to the shunted 
pair of leg wires of an e-match, connecting the 
negative terminal of the ESD tester to a steel 
post, causing the e-match tip to be held in loose 
contact with the metal post, and applying the 
ESD energy. As might have been expected, the 
stair-step (Bruceton) method of testing produced 
highly variable results. When the e-match tip 
was well coated, there were no ignitions even 
with high discharge energy. When there was a 
significant imperfection(s) in the e-match tip 
coating, there were ignitions even at low dis- 
charge energies. To that extent, the testing served 
as more of an indicator of when there was a 
significant coating imperfection as opposed to 
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being purely an indication of the ESD sensi- 
tiveness of the e-match composition. 


Accordingly, the test was modified from the 
normal stair-step method. Instead, a collection 
of ten e-match tips of each type were a tested 
using a relatively high voltage but storing only 
a relatively low energy (6 kV with a charging 
capacitor of 0.001 UF to store energy of 18 mJ). 
In most cases, when the test produced no igni- 
tion of the e-match composition, the ESD spark 
passed harmlessly over the coated surface of the 
match. Whenever the first discharge produced 
no ignition, the same e-match was subjected to 
two more discharges of the same energy. (On 
several occasions, an ignition did occur on the 
second or third discharge. When this happened, 
it was considered the same as if it had occurred 
with the first discharge. This was done even 
though the previous ESD events could have acted 
to damage the coating to some extent.) 
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The results of this testing are presented in 
Table 5 in the column titled “18 mJ”, as the 
number of ignitions in ten trials. Of the ten tests 
of e-matches of each type, when less than two 
of them ignited using the 18 mJ stored ESD 
energy, the test was repeated using a higher dis- 
charge energy. In this case, another set of ten e- 
matches was subjected to ESD energies of 
180 mJ (6 kV using an 0.01 uF capacitor). The 
results of these tests are also reported in Ta- 
ble 5, in the column titled “180 mJ”, as the num- 
ber of ignitions out of ten trials. (Note that in 
those cases where the manufacturer had provided 
e-matches with safety shrouds, those shrouds 
were removed prior to testing.) (It must be ex- 
pected, under the conditions of these tests, that 
only a fraction of the energy stored in capacitor 
C in Figure 8 was successfully delivered to the 
ESD event.) 


Based on the observation of e-match coating 
imperfections, low coating resistances and the 
e-match ESD test results reported in Table 5, it 
seems obvious that coating imperfections afford 
the ability for ESD events to pass from the 
bridgewire through the pyrotechnic composition 
of the match tip. Further, it must be expected 
that at least on some occasions, damage to e- 
match tips during use might be sufficient to in- 
troduce discharge paths through the composition 
of e-matches initially with perfect coatings. 
(Shrouded e-match tips must be significantly less 
prone to being damaged during use, but in ex- 
treme cases, even they could be damaged.) Ac- 
cordingly, since the ESD protection offered by 
the e-match coatings can be, or can become 
compromised, it was decided to perform addi- 
tional tests to determine the ESD sensitiveness of 
the exposed e-match compositions themselves. 


For these tests, a small portion of the protec- 
tive coating on the tip of each test e-match was 
intentionally removed with emery paper before 
testing. This was done in an attempt to simulate 
a significant imperfection in the e-match coat- 
ing or the damage that might occur during pro- 
longed or rough handling and use. In this test 
series, one terminal of the ESD apparatus was 
connected to the shunted pair of e-match leg 
wires, the other terminal of the ESD tester was 
connected to a metal post, the match tip was 
held in loose contact with the metal post, and 
the ESD energy applied. For each e-match type, 
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approximately 20 individual discharge tests were 
performed, using the standard stair-step method.”! 
The data and results of these through-the- 
composition e-match sensitiveness tests are also 
presented in Table 3, where the test configura- 
tion is indicated as “TC”. The sensitiveness is 
reported as the discharge energy that produced 
an ignition in approximately 50% of the tests. 
(Note that in those cases where the manufac- 
turer had provided e-matches with safety 
shrouds, those shrouds were removed prior to 
testing.) 


Regarding ignitions produced by an ESD 
from the bridgewire through the pyrotechnic 
composition when the coating is imperfect or 
damaged (and without safety shrouds), the e- 
matches can be roughly divided into four groups. 
Based on these limited results, it would seem 
that the Aero Pyro and Daveyfire A/N 28 B and 
BR e-match compositions fall in the most sensi- 
tive group (0.5 to 0.8 mJ 50% ignition energy). 
Somewhat less sensitive (2 to 6 mJ 50% igni- 
tion energy) are the Daveyfire A/N 28 F, Luna 
Tech Flash and OXRAL, and Martinez Special- 
ties E-Max and E-Max Mini e-match composi- 
tions. Still less sensitive (20 mJ 50% ignition 
energy) are the Luna Tech BGZD e-matches. 
Surprisingly, less sensitive yet (1000 mJ 50% 
ignition energy) are the Martinez Specialties 
Titan e-matches. 


Asa point of comparison, consider that these 
through-the-composition (TC) ESD ignitions 
were produced using roughly 100 times less 
energy than those occurring through the bridge- 
wire. Accordingly, through the composition dis- 
charges represent a much greater risk of acci- 
dental ESD ignition. Further, shunting the e- 
matches has no effect in reducing this hazard. 
Finally, note that most of these 50% ESD igni- 
tion energies are a small fraction of the ap- 
proximate maximum ESD energy (approxi- 
mately 60 mJ) that can be developed on a typi- 
cal person (200 pF and 25 kV).!"! 


Effect of Safety Shroud and Black Powder 


The appearance and design of the safety 
shrouds, for those e-matches supplied with them, 
were illustrated above in Figures 2 and 5. The 
ESD sensitiveness testing with shrouds in place 
was conducted using much the same method as 
the through-the-composition testing without 
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shrouds. However, only those e-match types 
supplied with safety shrouds were tested. The e- 
matches were used as supplied (i.e., without 
altering the protective coating over the pyro- 
technic composition). One point of electric con- 
tact was the shunted leg wires of the e-match, 
and the other point of electric contact was a flat 
piece of metal placed across the end of the 
shroud. In each test, a stored energy of only 18 mJ 
was used (6 kV stored in 0.001-uF capacitor and 
discharged through a 100-ohm series resistance). 


To test for a variety of possible use condi- 
tions, three test configurations were used. In one 
series of tests, the safety shroud was filled with 
fine-grained glazed Black Powder (20 mesh). In 
a second series of tests, the shroud was filled 
with fine-grained unglazed Black Powder. (Re- 
call that the resistance of unglazed Black Pow- 
der grains was found to be in excess of 500 MQ, 
and the resistance of glazed Black Powder 
grains was less than 1 MQ.) In the third series 
of tests, the shroud was left empty. In each con- 
figuration, a total of ten e-matches were tested. 
The results of the testing are presented in the 
last three columns of Table 5. 


When filling the safety shroud with glazed 
Black Powder, note that the presence of the 
safety shroud apparently provided no decrease in 
ESD sensitiveness; compare column 4 (“g/BP”) 
with column 2 (“18 mJ” “without shrouds”) of 
Table 5. It would seem the reason is that glazed 
Black Powder is fairly conductive because of its 
graphite coating, thus allowing the discharges 
to gain access to the e-match tips and any im- 
perfections in their coating. In contrast, note in 
column 5 (“u/BP”) that when unglazed Black 
Powder was used to fill the shroud, there was 
nearly a total elimination of ignitions (for all 
but Luna Tech’s OXRAL e-matches). Given that 
the typical grain resistance of unglazed Black 
Powder exceeds 500 MQ, sucha reduction in the 
number of ignitions was expected. Finally, in 
column 6 (“Air”) the test with empty (air-filled) 
shrouds produced virtually the same results 
found for the tests using unglazed Black Powder. 


In the test results for safety shrouds filled with 
unglazed Black Powder and for empty shrouds, 
the Luna Tech OXRAL e-matches standout as a 
notable exception to the reduction in the num- 
ber of ESD ignitions produced. The apparent 
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reason for this is the limited distance between 
the end of the e-match tip and the end of the 
shroud. Typically, this distance is only approxi- 
mately 0.03 inch (0.75 mm) for the OXRAL e- 
matches and, under the conditions of these tests, 
was short enough to allow a discharge to take 
place even without partially conductive material 
filling the shroud. (See again Figure 2.) In con- 
trast, the typical distance for the Daveyfire e- 
match types was approximately five times 
greater (approximately 0.15 inch or 3.8 mm) 
and sufficiently great to usually prevent a 6 kV 
ESD from taking place. In the case of the Mar- 
tinez Specialty matches, which use short lengths 
of tubing as safety shrouds to be installed by the 
user, it is possible to install the shroud with a 
range of distances between the end of the e- 
match tip and end of the shroud. For these tests, 
the e-match tips were installed so that the wid- 
est end of the e-match tip (its leg wire end) was 
pushed just slightly inside the length of tubing 
supplied. 


Additional ESD Discussion 


It is perhaps worth reiterating that an ample 
and well-applied protective coating can offer a 
high degree of ESD protection. Note that the 
Aero Pyro e-matches apparently have a double 
protective coating. Accordingly, while their com- 
position is among the most ESD sensitive, these 
e-matches tied for producing the least number 
of intact e-match tip ignitions (zero in ten tests). 
They equaled the performance of the Martinez 
Specialty Titan e-matches, which use a compo- 
sition with approximately a thousand times less 
ESD sensitiveness. (See again Tables 3 and 5.) 


At the time of this writing, it was unclear 
why two of the Titan e-matches ignited with 
only 180 mJ of energy in the intact e-match tip 
ESD tests when the 50% ignition energy was 
found to be more than five times higher. Laib!'?! 
has suggested that this might be caused by a 
particularly high percentage of conductive metal 
particles in the composition. If so, when the 
coating is intact, the spreading of the discharge 
energy across numerous potential conductive 
paths is inhibited by the presence of surface 
dielectric, whereas the discharge is thus rela- 
tively confined to fewer discharge paths in the 
vicinity where dielectric breakdown through the 
coating occurs. When the coating is damaged, 
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Figure 10. Simplified illustration of a typical 
friction test apparatus. 


more surface conductors are available along with 
more numerous paths through the material, thus 
reducing the average ohmic heating available 
per path, leading to higher required energies. 


In interpreting the ESD sensitiveness data 
presented here, some degree of caution is nec- 
essary. The reason is that the conditions for these 
tests were substantially modified from those 
commonly used. (This was done in an attempt 
more nearly to duplicate the typical conditions 
during use.) Accordingly, the results reported in 
this article should not be directly compared with 
other data reported in the general pyrotechnic 
literature, unless adjusting for the different test 
conditions being used. 


Probably the most important conclusion to be 
drawn from this study is that, while there is a 
very wide range of sensitiveness to ESD ignition, 
under some conditions all of the e-match types 
could be ignited by an accidental discharge. (If 
not as a result of an ESD from a person through 
an e-match with a perfect coating, consider the 
possibilities of damaged e-match tips or some- 
thing like a nearby stroke of lightning.) Further, 
in almost all cases the ESD energy capable of 
initiating an e-match by a discharge through the 
composition is very much less than that required 
for a discharge through the bridgewire. (Note 
that shunting the e-match leg wires provides no 
protection against such through the composition 
discharges.) Finally, some of these 50% igni- 
tion energies are so small that they are less than 
a typical person can feel.!"”! 
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Match Tip 
Angle ~45° 


| —— : \ on 
a 
Figure 11. Photographs of the friction test 


setup as modified for e-matches. There is a 
time lapse of 1/60" second between images. 


Friction Sensitiveness 


Normal Configuration 


The standard method of friction sensitiveness 
testing is illustrated in Figure 10. This method 
works well for loose powders; however, in this 
case, friction sensitiveness for the intact e-match 
tips was being sought. Unfortunately, during 
testing it was found that the standard method 
was mostly unsatisfactory for intact e-match 
tips. Often the e-match tips just slid loosely 
along the surface in front of the striker without 
ever being caught forcefully between the striker 
and the abrasive surface. Accordingly, the test 
setup was modified to use the e-match tip itself 
as the striker. The tip was supported from be- 
hind and held at an approximate 45° angle to a 
moving abrasive surface, #100 grit sand paper 
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Table 6. Results of Friction Sensitiveness Testing. 


E-Match Force 


Time to Ignition w/o BP (s) Time to Ignition w/ BP (s) 


(N)® : 2 £ 3 Average” _ 2 3 _| Average” 


a) This is the minimum applied force that produced an ignition during testing. 


b) This is the average time-to-ignition for a set of three e-matches without the presence of Black Powder. “n/i” 


means no ignition(s) occurred. 


c) This is the average time-to-ignition for a set of three e-matches in the presence of Black Powder. “n/1” means 


no ignition(s) occurred. 


d) There were one or two non-ignition(s) observed. The average time to ignition was calculated using twice the 
longest time to ignition as the time for each e-match failing to ignite during the test. This value is reported to 


only one significant figure. 


(see Figure 11). To configure the test to be 
somewhat consistent with anecdotal accounts of 
accidents, it was thought that the force holding 
the e-match tips against the abrasive surface 
should be fairly low and the rate of movement 
along the surface should be fairly high. The 
combination of a force of 0.33, 0.67 or 1.35 
pounds (1.5, 3.0 or 6.0 N) at a rate of move- 
ment of 10 feet per second (3 m/s) was found to 
be reasonably effective for the range of e-match 
friction sensitiveness of the various e-match 
types. It must be acknowledged that the test 
conditions were quite severe (with the e-matches 
being quickly sanded into non-existence) and 
that some ignitions could have been produced as 
a result of frictional heating of non-pyrotechnic 
elements in the e-matches as they abraded away. 


Each test consisted of a set of three trials of 
the same e-match type and same downward force. 
For those e-match types failing to ignite during 
the three trials with the applied force, the next 
greater force was used for another set of three 
e-matches. For different e-match types found to 
ignite with the same applied force, their times- 
to-ignition were used to discriminate between 
them in terms of sensitiveness. Ignition times 
were determined by video taping each test, then 
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playing back the tape and counting the number 
of individual video fields elapsing before igni- 
tion occurred. The raw data from this friction 
sensitiveness testing and the results are pre- 
sented in Table 6, with the ignition times in the 
set of columns labeled “w/o BP”, indicating the 
testing was performed without Black Powder 
being present. (Note that the testing was per- 
formed on bare e-matches without the safety 
shroud present.) 


Friction sensitiveness of the e-matches was 
found to fall into three groups. In the most sen- 
sitive group were the Aero Pyro, Daveyfire A/N 
28 B and A/N 28 BR, and the Martinez Spe- 
cialty E-Max and E-Max Mini; all these e- 
matches ignited with an applied force of 1.5 N 
(0.33 lbf). Less sensitive were the Luna Tech 
BGZD and OXRAL e-matches, which required 
an applied force of 3.0 N (0.67 Ibf) for ignition. 
Substantially less sensitive still (failing to ignite 
even with an applied force of 6.0 N (1.35 Ibf) 
were the Daveyfire A/N 28 F, Luna Tech Flash, 
and Martinez Specialty Titan e-matches. 
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Configuration with Black Powder and Safety 
Shrouds 


There are a number of anecdotal reports of 
accidental ignitions occurring when e-matches 
were being forcefully removed from aerial shell 
leaders where the e-match was in contact with 
the Black Powder coating on the black match 
fuse. Accordingly, it was thought to be appro- 
priate to attempt to determine whether added 
friction sensitiveness resulted from the presence 
of Black Powder. In this case, each test e-match 
was coated with a slurry of Black Powder (fine 
meal powder bound with 5% dextrin) and al- 
lowed to dry thoroughly. (Note that the testing 
was preformed on bare e-matches without the 
safety shroud present.) In this series of tests, the 
same downward force was used as was found to 
be the minimum capable of producing ignitions 
without the presence of Back Powder. Using 
this force, the average time to ignition for a se- 
ries of three Black Powder coated e-matches 
was determined. If the presence of Black Pow- 
der had little or no effect on friction sensitive- 
ness, it would be expected that the average time 
to ignition would be roughly the same as found 
when testing without Black Powder. The raw 
data and results of this testing are presented in 
Table 6, with the ignition times in the set of 
columns labeled “w/ BP”, indicating the testing 
was performed with Black Powder being present. 
Note that the average times to ignition are all 
essentially unchanged (i.e., for these test condi- 
tions, apparently no increased friction sensitive- 
ness resulted for any e-match in the presence of 
Black Powder). 


Additional friction sensitiveness testing was 
not performed with safety shrouds present on the 
e-matches. This is because, during normal use or 
even abuse, so long as the shrouds survived and 
stayed in place, it could not be imagined that an 
ignition would be produced due to friction. 


Thermal Sensitiveness 


The initial attempt at determining thermal 
sensitiveness of the complete e-match tips was 
to insert the various matches into a series of six 
small wells, 0.25-inch (6-mm) diameter and 
0.5-inch (12-mm) deep, drilled into a block of 
aluminum that was heated electrically. See Fig- 
ure 12 for an illustration of the thermal test ap- 


Page 60 


paratus. The temperature of the block was moni- 
tored using a thermocouple inserted into one of 
the six wells. The power to the electric heating 
element was adjusted to provide approximately 
a 5 °C per minute rate of temperature rise in the 
wells. In preparation for the test, five e-matches 
of the same type were loaded into the available 
wells (after cutting off their leg wires). Then, 
starting at room temperature, the block was 
heated, and the test continued until all of the 
test e-matches ignited or until a temperature of 
300 °C was reached. Although the temperature 
of each ignition was noted, the lowest tempera- 
ture at which any of five test e-matches ignited 
was considered an indication of their thermal 
ignition sensitiveness and is reported as 
“Ramp” ignition temperature in Table 7. 


Test Well 


Electric 
Heater 


Aluminum 
Block 


Figure 12. Illustration of the thermal 
sensitiveness test apparatus. 


Even though the rate of temperature rise in 
the initial testing was fairly rapid (approximately 
5 °C per minute), it was found that most of the 
e-matches being tested decomposed during the 
heating period without actually igniting. Accord- 
ingly, a second series of tests was performed. In 
these tests, the thermal block was pre-heated to 
a specific temperature. Then a single e-match tip 
(with leg wires removed) was placed into a well. 
The time taken for that e-match to ignite was 
noted; if the time exceeded 60 seconds, the test 
was terminated for that temperature. If the e- 
match did not ignite within 5 seconds, the tem- 
perature of the block was increased 20 °C, and 
the test was repeated using a new e-match tip. 
The data from this second series of thermal tests 
are reported in Table 7 as “Time to Ignition” at 
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Table 7. Results of Thermal Sensitiveness Testing. 


Ramp Ignition Temperature 
E-Match (°C) 
Type Pd 2s et ae 


Time to Ignition (s) 5-Sec 


at the Indicated Temperature (°C) Temp. 
180 : 200 : 220 : 240 : 260 : 280 : 300 | (°C)” 


a) These are the ramp ignition temperatures for each of five e-match tips tested. Values are listed in order of 
increasing temperature. The “>” indicates that no ignition occurred below 300 °C. 


b) The 5-second ignition temperatures were determined graphically and are reported to the nearest 5 °C. 


the temperatures specified. These ignition times 
were plotted graphically to estimate the 5-second 
ignition temperature, which was reported in the 
final column of Table 7 to the nearest 5 °C. 


The temperatures found to produce e-match 
ignitions in these tests are all sufficiently high 
as to seriously discount the possibility that acci- 
dental ignitions caused by thermal sources are 
likely to be encountered during use on a fire- 
works display site. Accordingly, it was not 
thought to be appropriate to rank the different 
e-match types based on their thermal sensitive- 
ness. 


It may be of interest to note that the Ameri- 
can Pyrotechnic Association is party to an ex- 
emption (DOT-E 11685) allowing the shipment 
of previously approved fireworks combined 
with previously approved e-matches. However, 
one requirement of that exemption is that the e- 
matches “be certified by the manufacturer to be 
thermally stable at 150 °C for 24 hours”. While 
a test for this was not conducted, it may be 
worth noting that, in the ramp temperature tests, 
several of the e-match types ignited at only 
slightly higher temperatures. 


Additional thermal sensitiveness testing in 
the presence of Black Powder was not performed. 
This is because the exterior of the e-matches 
has a protective coating, and there is no oppor- 
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tunity for the e-match composition to have di- 
rect contact with the Black Powder. Accordingly, 
it is believed that the possibility of the presence 
of Black Powder having a significant effect on 
the thermal sensitiveness of e-matches is rather 
remote. For much the same reason, there was 
no thermal sensitiveness testing of e-matches 
with their safety shrouds in place. 


Conclusion 


Although a large number of individual tests 
were performed, it is important to recall that 
this sensitiveness testing was limited in scope 
and that it must only be considered a screening 
study. Further, many of the standard tests were 
modified somewhat in an attempt to better char- 
acterize the e-matches in an environment simi- 
lar to their use for fireworks displays. Accord- 
ingly, the statistical precision achieved is only 
sufficient to approximately characterize and 
rank the sensitiveness of the various e-matches, 
and then only under the specific conditions of 
this testing. For e-matches producing similar 
results, had additional e-matches been tested or 
had the conditions been somewhat different, it 
is possible that slightly different results would 
have been found. Nonetheless, it is not expected 
that additional tests or somewhat different con- 
ditions would have produced substantially dif- 
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ferent sensitiveness rankings of the various e- 
match types. 


One further caution is that the e-matches 
tested were supplied in late 1999. Accordingly, 
there is no guarantee that current production e- 
matches have the same sensitiveness character- 
istics as observed in the tests reported herein. 


While there was a large range in sensitive- 
ness observed for the different e-matches under 
various conditions, none was found to be so 
extremely sensitive as to preclude their safe use 
providing appropriate care and safety measures 
are taken during their use. One obviously ap- 
propriate safety measure is to leave the safety 
shrouds in place on e-matches to be used in any 
situation where they could be subject to physical 
abuse. However, probably the single most ap- 
propriate safety measure is to educate fireworks 
display crews of the potential for accidental 
ignition of electric matches, and the measures 
to take to minimize both the probability and the 
consequences of an accidental ignition."*! 


In selecting a supplier of e-matches, it is 
generally thought to be appropriate to use the 
least potentially dangerous materials that will 
successfully and reliably (and economically) 
perform the needed task. Unfortunately, this 
study has only reported on the sensitiveness and 
not on the performance of those e-matches stud- 
ied. In an attempt to provide some of the addi- 
tional information needed for users to make the 
best choice in their selection of e-matches, a 
second study is under way to characterize the 
performance of the same ten types of e-matches. 
As the individual testing is being completed, 
those results are being reported.''*! Eventually, 
following completion of the individual tests, a 
full report will be produced in a companion ar- 
ticle to this one.'*! 
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For participants and exact dates visit web site. 
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Contact: Les Grands Feus Loto-Québec 
156 Saint-Paul, Suite 100 
Quebec City, Quebec, G1K 3W1, Canada 
Phone: +1-418-692-3736 
FAX: +1-418-692-5650 
email: info@lesgrandsfeux.com 
web: www.lesgrandsfeux.com 


29" Int’] Pyrotechnics Seminar 
held in conjunction with 
6" Conf. on Life Cycles of Energetic Mat’l. 


July 14-19 2002, Westminster, CO, USA 


Contact: Alita Roach, Coordinator 
Los Alamos National Laboratory 
MS P915 
Los Alamos, NM 87545 USA 
Phone: +1-505-665-6277 
FAX: +1-505-665-3407 
e-mail: alita@lanl.gov 
web: www.intlpyro.org/IPS29.htm 


Chemistry of Pyrotechnics & Explosives 
July 28—Aug. 2 2002, Chestertown, MD, USA 


Contact: John Conkling 
PO Box 213 
Chestertown, MD 21620, USA 
Phone: +1-410-778-6825 
FAX: +1-410-778-5013 
email: John.Conkling@washcoll.edu 
web: www.John.Conkling.washcoll.edu 
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2002 HCBS Power Smart Celebration of Light 


From July 31 to August 10, for participants 
and exact dates, visit the web site: 


web: www.celebration-of-light.com 
British Fireworks Championships 
Aug. 3 and 14 2002, Plymouth, UK 


Contact: Jim Winship 
Phone: +44 (0)1291-628103 
FAX: +44 (0)1291-630402 


Pyrotechnics Guild Int’! Convention 
Aug. 3—9 2002, Fargo, ND, USA 
Contact:, Ed Vanasek, Sec. Treas. 
18021 Baseline Avenue 
Jordan, MN 55352, USA 

Phone: +1-952-492-2061 

e-mail: edvanasek@aol.com 

web: Wwww.pgi.org 

Must be member to attend. 


British Musical Fireworks Championships 


Contact: Carolyn Lowry 
Phone: +44 (0)1519-342322 
FAX: +44 (0)1519-342326 


Energetic Materials 


Computational Mech. Assoc. Courses—2002 


Contact: Computational Mechanics Associates 
PO Box 11314, 
Baltimore, MD 21239-0314, USA 

Phone: +1-410-532-3260 

FAX: +1-410-532-3261 

web: www.compmechanics.com 


1" Int’] Symp. on Energetic Materials and 
their Application SEM 2002) 
May 15-17 2002, Tokyo, Japan 
Contact: Prof. Atsumi Miyake 
Yokohama National Univ., Dept. Safety Engr. 
Tokiwadai, Hodogaya-ku 
Yokohama 240-8501, Japan 
Phone: +81-45-339-3933 
FAX: +81-45-339-4011 
email: atsumi@ynu.ac.jp 
web: www.icube-t.co.jp/ISEM2002 


33" Int’] Annual Conf. ICT “Energetic Ma- 
terials — Synthesis, Production & Application” 


June 25—28 2002, Karlsruhe, Germany 


Contact: Manuella Wolff 
Fraunhofer-Inst. fiir Chem. Technologie (ICT) 
P. O. Box 1240 
D-76318 Pfinztal (Berghausen), Germany 
Phone: +49-(0)721-4640-121 
FAX: +49-(0)721-4640-120 
email: mw@ict.fhg.de 
web: www.ict.fhg.de 


12" Int’! Detonation Symposium 
Aug 11-16 2002 San Diego, CA, USA 


Contact: Sharon Crowder 
Phone: +1-925-423-7455 
Fax: +1-925-424-3281 
email: crowderl@IInl.gov 


Int’?] Sem. on Energetic Mat’Is, FINNEX 2002 
Sep. 9-11 2002 Kittila, Levi, Finland 


Contact: Finnish Def. Forces Tech. Res. Ctr. 
PO Box 5 
FIN-34111, Lakiala, Finland 

Phone: +358 3 1815 3211 

Fax: +3583 1815 3486 

email: sirpa.kaski@pvtt.mil.fi 

web: www.imil.fi/joukot/pvtt/index_en.html 
20" Int’] Symp. on Ballistics 
Sep. 23-27, 2002, Orlando, FL, USA 
Contact: Dr. Joseph Carleone 
Aerojet Fine Chemicals 
PO Box 1718 
Rancho Cordova, CA 95741, USA 

Phone: +1-703-247-2588 

email: pedmonson@ndia.org 

web: www.ndia.org 


29th ISEE Conf. on Explosions and Blasting 
Technique 
Feb 2—5 2003 Nashville, TN, USA 


Contact: Lynn Mangol 
Phone: +1-440-349-4400 


13" Int’] Symp. on Chemical Problems 
Connected with the Stability of Explosives 
May 2004 (tentative) Sweden 
Contact: Stig Johansson 
Johan Skyttes vag 18, SE 55448 
Jénk6ping, Sweden 

Phone/FAX: +46-3616-3734 

email: srj@telia.com 
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Multi-Wavelength Laser Opacity Study of a 
Hybrid Rocket Plume 


A. P. Chouinard, A. J. Adams, A. M. Wright, and M. K. Hudson 


Departments of Applied Science and Physics, and the Graduate Institute of Technology 
University of Arkansas at Little Rock, Little Rock, AR 72204 USA 


ABSTRACT 


An instrumentation system was developed to 
measure the opacity of a hybrid rocket plume as 
a function of optical wavelength. The source 
consisted of collineated beams from two lasers, 
providing seven wavelengths in a single probe 
beam. Detection was accomplished with a spec- 
trograph equipped with a photodiode array. 


Previous work with a two-wavelength system 
demonstrated the ability to follow the changes 
in opacity level of a hybrid rocket plume during 
the various stages of a typical firing cycle. The 
present work was to investigate the feasibility of 
using a multiple wavelength system to acquire 
more detailed information about the particulates 
present in the hybrid rocket plume. 


Qualitative analysis of the plume particulates 
was done by comparison of the relative extinc- 
tion coefficients of the laser wavelengths with 
published extinction coefficient curves from Mie 
scattering theory. While it was found that light 
level fluctuations in the system prevent defini- 
tive conclusions, the data suggests that the par- 
ticulate matter in the plume may consist of some 
optically transparent material. This is in contrast 
to the absorbing, soot-like material that might be 
expected in a hybrid rocket plume. 


Keywords: combustion diagnostics, rocket 
ground testing, particle analysis, opacity, 
aerosol, hybrid rocket 

Conversion Chart [English to Metric] 


1 Ibm = 1 pound mass = 454 g 
1 psi= 1 pound per square inch = 0.145 kPa 
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Introduction 


It is desirable to know the characteristics of 
the particulates present in the plume of a hybrid 
rocket motor. This information could prove use- 
ful in the investigation of combustion instabili- 
ties in hybrid motors, and it is important in in- 
terpreting other optical plume studies being con- 
ducted at the University of Arkansas at Little 
Rock, Hybrid Rocket Facility (UALR HRF). To 
this end, a system is being developed to measure 
the plume particulate characteristics via opacity 
measurements fit to Mie scattering theory. 


For many, Mie scattering theory (developed 
by G. Mie in 1908) may not be familiar. Mie scat- 
tering is characteristic of spherical particles, such 
as aerosol droplets, for which all wavelengths 
of incident light are scattered equally. This is in 
contrast to the more-familiar Rayleigh scattering, 
the selective scattering of shorter wavelengths 
by particles that are non-spherical, such as car- 
bon char and soot. Mie scattering is described by 
a series of infinite terms and, given enough com- 
puter time, it can provide a rigorous solution for 
spherical particles. However, rapid approxima- 
tions can be used for particles larger than about 
5 wm and smaller than about 0.1 pm.!"7! 


Also, “absorbing” and “non-absorbing” par- 
ticles will be discussed. Absorbing particles are 
those such as carbon char or soot, which scatter 
and absorb part of the incident light. An aerosol 
droplet of India ink would also be an absorbing 
particle. Non-absorbing particles are transparent, 
such as aerosolized water droplets, which trans- 
mit most of the incident light. 


Previous work done at UALR"! led to the 
development of a dual wavelength, laser based, 
opacity measurement system. That work inves- 
tigated the feasibility of using a laser-based sys- 
tem for plume opacity measurements. The dual 
wavelength system, consisting of the 633 nm 


Page 65 


% Transmission 


K (3) 


-4 a 0 


2 4 6 8 


Seconds (0 = ignition) 


Figure 1. Plot of a single wavelength measurement of percent transmission. 


helium-neon (HeNe) laser line and the 488 nm 
argon ion (Ar’) laser line, demonstrated the 
ability of a laser based opacity system to accu- 
rately follow the stages of a typical rocket firing 
at the UALR HRF. 


While the dual wavelength system also dem- 
onstrated spectral variations in plume opacity, it 
was not capable of providing concrete informa- 
tion about the nature of the particulate matter. 
Results from the study did not fit the expected 
absorbing characteristics of soot particles, but 
instead indicated the possibility that the particu- 
late matter in the hybrid rocket plume was of a 
non-absorbing optical nature. 


The current work, with a total of seven laser 
lines for measurement instead of two, sought to 
extract further information about the optical and 
physical properties of the plume particulates. 


Rocket Plume Opacity 


In both the prior and current studies, the 
stages of a rocket firing sequence are well de- 
fined. For reference, a plot of a percent trans- 
mission (%T) trace from a single wavelength 
measurement is shown in Figure 1, and a corre- 
sponding description of the stages in a rocket 
firing follows: 
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1) At t=-3 seconds (t = 0 is the time of motor 
ignition) oxygen flow to the motor is started. 
This sudden rush of high pressure oxygen 
blows out whatever dust or soot is left in the 
fuel grain from grain manufacture or a pre- 
vious motor firing. This puff of dust, readily 
visible to the naked eye, momentarily oc- 
cludes the probe beam, providing a consistent 
time marker for the start of the firing cycle. 


2) At t = 0 seconds, the igniter flashes and the 
fuel grain ignites. The plume opacity in- 
creases (%T decreases) as the motor climbs 
to a steady burn condition, during which time 
the plume opacity stabilizes at a constant 
level. Fluctuations in the plume opacity dur- 
ing this phase of the firing are consistent 
with fluctuations in the rocket chamber pres- 
sure and with apparent plume brightness. 


3) At approximately t = 2.6 seconds, the oxy- 
gen flow to the motor is shut down, and the 
motor transitions through a fuel-rich condi- 
tion as the remaining oxygen in the motor 
bore is consumed. This sooty, fuel-rich com- 
bustion greatly increases the plume opacity. 
As combustion subsides, pressure in the mo- 
tor chamber decreases and less smoke is 
emitted, causing plume opacity to decrease. 
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4) The last feature of the %T trace occurs at 
approximately t = 4.5 seconds, when a ni- 
trogen purge of the motor begins. At this 
point, smoke accumulated in the motor 
chamber is expelled, again causing a brief 
increase in plume opacity. In some cases, the 
motor continues to smoke for several seconds, 
preventing the %T trace from returning to 
100% before the end of data acquisition. 
This is of no consequence in this work. 


Experimental 


Rocket and Firings 


All rocket motor plume studies were carried 
out using the lab-scale system of the UALR HRF, 
a 2 x 10-inch (51 x 254 mm), gaseous oxygen 
system with computer control. Fuel for the fir- 
ings consisted of hydroxyl terminated polybuta- 
diene (HTPB) with 1% by weight graphite addi- 
tive, a standard fuel grain formulation used at 
the UALR HRF. Five firings were run at an 
oxygen mass flow of 0.06 lbm/s to assess the 
repeatability of the measurements. An additional 


Argon Laser 514 Filter 


488 Filter 


HeNe Laser 
Beam Splitter 


14 firings were run with oxygen mass flows 
between 0.04 and 0.13 Ibm/s, giving a variety of 
conditions. Pressures during these firings were 
typically held between 200 and 500 psi. Addi- 
tional details of the rocket and its feed and con- 
trol systems can be found in previous papers.'* ©! 


Apparatus 


The experimental apparatus consists of two 
laser sources, optics for beam collineation and 
positioning, a spectrograph with photodiode ar- 
ray (PDA) detection, and a portable computer 
for data acquisition. A diagram of the system is 
shown in Figure 2. 


Probe Beam 


The probe beam is constructed by collineat- 
ing the beams from two lasers. The first laser is 
a Spectra Physics model 162A-07 Ar’ laser 
powered by a model 262 Exciter. The model 
162A-07 is a single-line laser with a high re- 
flectance Littrow Prism for line selection; how- 
ever, for this work, the prism was replaced with 
a Melles Griot Extended MAXBRIte™ mirror. 
This produced an output beam consisting of the 


Optical Rail 


Mirror 

Iris 

Lens 

Heat Shield 


Rocket Motor 


Motor Stand 


Figure 2. Diagram of opacity measurement system. 
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Figure 3. Relative intensities of the laser lines. 


following laser lines (rounded to the nearest 
whole nanometer): 458, 477, 488, 497, 502, and 
514 nm. The total power in the Argon laser beam 
was adjustable to 60 mW. 


The 488 and 514 nm lines are more than an 
order of magnitude stronger than the 502 nm line. 
This presents a potential problem with the dy- 
namic range of the detector, so line pass inter- 
ference filters were used as mirrors to reduce 
the intensity of the 488 and 514 nm lines. While 
this greatly reduced the total power of the multi- 
line beam, the power was more than sufficient 
for this work. 


The second laser is a Siemens LGK 7626 
HeNe laser with an output power of 20 mW. A 
neutral density filter is used to attenuate the 
HeNe laser output to match the final level of the 
Ar’ laser beam. The HeNe laser beam is com- 
bined with the Argon laser beam using a 50/50 
beam splitter, as illustrated in Figure 2. A plot of 
the relative line intensities in the probe beam is 
shown in Figure 3. 


Optics 


After the two laser beams are combined, the 
resultant probe beam is directed to an optical 
rail mounted at the rear of the rocket motor. A 
mirror redirects the beam in a direction perpen- 
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dicular to the motor axis. After passing through 
an iris used for alignment reference, the probe 
beam is focused through the plume with a 60 cm 
focal length lens. After passage through the 
plume, the probe beam is attenuated by a neu- 
tral density filter to cut it to a level suitable for 
PDA detection. The beam then passes through a 
2.5 mm aperture into an enclosed lens tube. In- 
side the lens tube, the beam is focused by a 
25 mm focal length lens through another 2.5 mm 
aperture. The resulting expanded beam is then 
incident on the input end of a fiber optic cable. 
This cable consists of multiple fibers that form 
a circular aperture at the entrance to the cable and 
terminate in a slit-shaped aperture at the exit end 
of the cable. The slit aperture end of the cable is 
used to couple the probe beam light into the 
spectrograph. 


The purpose of expanding the probe beam 
before it enters the fiber optic cable is to insure 
that it completely covers the fiber aperture. If 
the beam were sharply focused onto the fiber 
aperture, it would only illuminate some of the 
fibers in the cable. Slight movements of the 
probe beam, caused by rocket motor vibrations, 
would change the beam entrance and exit posi- 
tions, leading to changes in the detected inten- 
sity of the probe beam. Expansion of the probe 
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Figure 4. Percent transmission vs. time for the seven laser lines. 


beam to a size that covers the fiber aperture 
provides more uniform illumination of the fibers, 
significantly reducing the effects of vibrations. 


Detector 


The spectrograph used in this work was a 
SPEX 270M with an EG&G Reticon RL1024- 
SAQ-011 photodiode array and RC1OOOLNN- 
011 motherboard.'”! The video output from the 
PDA system was read with a Computer Boards 
1600 A/D converter card (12-bit resolution) in a 
Best Computer 386-SX portable computer run- 
ning an in-house generated software package 
called ESPEC. A 60 uum entrance slit width and 
27 ms integration time were used for all motor 
firings, and scans were taken at 100 ms inter- 
vals. For each motor firing, data acquisition was 
begun at approximately three seconds before 
ignition and continued for a total of ten seconds. 


System Noise 


After a suitable warm-up time, the signal from 
the PDA, with no probe beam, was about 40 A/D 
counts, or slightly under 1% of full scale. Out- 
put values of pixels not corresponding to laser 
wavelengths remained around the 40-count level 
during motor firings, indicating essentially no 
response to optical noise from the plume. There 
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were some fluctuations in the measured intensi- 
ties of the laser lines, however. The fluctuation 
levels of all but the 477 nm line were at or be- 
low +4%, while the fluctuations of the 477 nm 
line were +9%. A moving average with a bin 
width of 0.3 seconds was applied to the data 
during processing, reducing the above figures to 
+3% and +7%, respectively. 


Data Analysis 


Each data file from a rocket firing consists of 
A/D counts for 100 scans of 1024 pixels each. 
The data analysis was performed with software 
written for the project, and run in Windows95 on 
a Pentium PC. For each scan, the software finds 
the pixels corresponding to the seven laser lines 
and finds the value of these peaks. The software 
then applies a moving average (0.3 second bin 
width) to the data and creates seven data plots 
of A/D count as a function of scan number, one 
plot for each of the laser lines. Next, the A/D 
count value that corresponds to 100% T for each 
laser line is calculated from the portion of the 
data before motor ignition. A time scale is then 
calculated from the data scan numbers, and %T 
as a function of time is plotted for the laser 
lines. A typical plot is shown in Figure 4. 
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Relative @ (normalized to 1) 


mia 


Figure 5. Average of the relative scattering coefficients for five firings at 0.06 lbm/s oxygen flow. 


In order to compare the opacity measurement 
results to Mie scattering curves, the relative 
scattering coefficients (Q) for the seven laser 
lines must be calculated. Ratios of O values can 
be obtained from %T as follows: 


Transmittance (7) is defined"! as 
I 
T =— =exp[-naQt] (1) 
1) 
where, 


7 = light intensity transmitted through the 
plume 


Jo = light intensity with no plume 
n= number of particles per unit volume 
a = cross sectional area of a particle 


t = path length through the plume 


Taking the natural logarithm of both sides of 
equation | yields 


In T=-naQt (2) 


Correspondingly, for two measurement wave- 
lengths, 


In 7, =-naQit (3) 
In 7, =—naQunt. (4) 
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Dividing equation 3 by equation 4 and canceling 
like terms yields 


In 7, _9 
Int, Q, 


The relative scattering coefficients are calcu- 
lated from the natural logarithm of transmit- 
tances and normalized by setting the highest O 
equal to one. Plots of scattering coefficients are 
often plotted as a function of particle size pa- 
rameter (@) that is given by 


(5) 


_ad 


7 (6) 


where, 
d= particle diameter 
i. = the wavelength of light in the medium 


The relative Q values are calculated from the 
average T exhibited by each laser line during the 
steady state burn portion of the firings. Since 
the particle diameter is not known, the relative 
O values are plotted against 7/A, as shown in 
Figure 5. These plots are then compared to pub- 
lished plots of scattering coefficients, as pre- 
dicted by Mie scattering theory. A sample of 
such plots is shown in Figure 6. 
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Figure 6. Typical plot of extinction coefficients from Mie calculations. The dashed line is characteris- 
tic of absorbing particles, while the solid lines are characteristic of non-absorbing particles. 


Results and Discussion 


From Figure 6 it is apparent that QO decreases 
monotonically with increasing @ for absorbing 
particles, and that Q oscillates with decreasing 
magnitude as a increases for non-absorbing par- 
ticles. The plots for non-absorbing particles in 
Figure 6 indicate the general trend followed by 
Q values for these particles, but they do not re- 
veal the additional fluctuations that are typical of 
non-absorbing particles.''! Though it was ex- 
pected that the particulate matter in the hybrid 
plume would consist of absorbing soot parti- 
cles, the relative scattering coefficients do not 
follow a pattern consistent with that of absorb- 
ing particulate matter. Instead, the data suggests 
that the hybrid plume particulates may be pri- 
marily non-absorbing in nature. An investiga- 
tion of the validity of the data led to the follow- 
ing observations. 


Although the laser lines in the probe beam 
exhibited random fluctuations, the fluctuations in 
the QO values for this work cannot be the result of 
such random noise. The data in Figure 5 is an 
average of the relative Q values for the five 
rocket firings that were conducted at 0.06 Ibm/s 
oxygen flow rate. If the fluctuations were due to 
random noise, they would have, at least partly, 
averaged out. Furthermore, almost all of the data 
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runs exhibited relative QO values that followed 
the same general oscillatory pattern. For this 
reason, the oscillations are accepted to be resul- 
tant from the optical nature of the plume. 


One possible explanation for the QO oscilla- 
tions is a lensing effect from the heat of the 
plume, causing beam steering. The plume can 
approximate a cylindrical lens, since it has that 
shape and the hot gases are of a different refrac- 
tive index from the surrounding atmosphere. 
However, this explanation is unlikely for two 
reasons: 


1) A lensing effect would affect the laser lines 
in a more or less monotonic manner (i.e., the 
effect would not be so radically variant with 
wavelength). 


2) The probe beam was centered in the plume 
cross-section to within 0.5 mm, minimizing 
any lensing effect that might occur if the 
probe beam were off-center. 


It is not expected that the Q variations in the 
data are due to beam steering effects. 


At this time, it is impossible to know exactly 
what the Q fluctuations indicate about the plume 
particulate characteristics, but they may well be 
part of the fluctuations in curves for normal, 
non-absorbing particles. A rigorous regression 
analysis of the data to fit Mie scattering theory 


Page 71 


would provide more information. Such an ap- 
proach has been used with some success in 
measuring aluminum oxide (AI,O3) particulates 
in the plumes of solid rocket motors."*! 


Conclusions 


Results from this study and the previous 
measurements conducted with the dual wave- 
length system suggest the presence of non- 
absorbing particulate matter in the hybrid rocket 
plume. While the exact nature of this matter 
cannot be determined by these methods, the data 
seem to show that aerosol droplets of some na- 
ture exist in the plume. These droplets can only 
have come from the fuel-grain polymer mate- 
rial, and strongly indicate that the fuel goes 
through a melt stage, at least partially, during 
the burn process. This is not in agreement with 
the presently accepted model that the fuels py- 
rolyze through a charring process. If this is true, 
the actual combustion process likely consists of 
both charring and melting of the polymer fuel, 
and it may explain some of the combustion in- 
stabilities that exist (pressure pulsing, etc.) for 
the hybrid class of rocket motors. 


Certainly, this multi-wavelength system pro- 
vides more detailed plume particulate informa- 
tion than the dual wavelength system. Current 
efforts to improve overall system performance 
are focused on enhancing laser line stability, 
including additional spectral lines, and on devel- 
oping the computational tools for calculating 
extinction coefficients and fitting data to Mie 
scattering models. 


Acknowledgments 


The support of the National Aeronautics and 
Space Administration for NASA Grant NCCW- 
55 is gratefully acknowledged. NASA is also 
acknowledged for Fellowship support of Mr. 
Chouinard. We also thank Constance Meadors 
for her assistance in rocket firings, and Ken Kalb 
for his technical support. The authors extend their 


thanks to Armand Tomany, Jeffrey Dobbins, and 
Greg Cress for assistance in fabrication work. 
Finally, we express our thanks to Paul Wynne 
and Myron Strong for fuel grain manufacture. 


References 


1) W. C. Hinds, Aerosol Technology— 
Properties, Behavior, and Measurement of 
Airborne Particles, John Wiley and Sons, 
New York, 1982. 


2) T. T. Mercer, Aerosol Technology in 
Hazard Evaluation, Academic Press, New 
York, 1973. 


3) M. K. Hudson, A. P. Chouinard, A. J. 
Adams, C. B. Luchini, and J. D. Willis, 
“Multi-Wavelength Opacity Study of a 
Hybrid Rocket Plume”, AIAA Paper 
No. 96-2833, July 1996. 


4) R. B. Shanks and M. K. Hudson, “The 
Design and Control of a Labscale Hybrid 
Rocket Facility for Spectroscopy Studies”, 
AIAA Paper No. 94-3016, June 1994. 


5) R. B. Shanks and M. K. Hudson, “A Lab- 
scale Hybrid Rocket Motor for Instrumen- 
tation Studies,” Journal of Pyrotechnics, 
No. 11 (2000) pp 1-10. 


6) R. B. Shanks, “A Labscale Hybrid Rocket 
Motor and Facility for plume Diagnostic 
and Combustion Studies,” A Doctoral 
Dissertation, University of Arkansas at 
Little Rock, December 1994. 


7) D. Snider, M. K. Hudson, R. Shanks, and 
R. Cole, “Evaluation of Photodiode Arrays 
for Use in Rocket Plume Monitoring and 
Diagnostics”, Proc. Ark. Acad. Sci., Vol. 
48 (1994) pp 177-180. 


8) D. Laredo and D. W. Netzer, “Application 
of Optical Diagnostics to Particle 
Measurements in Solid Propellant Rocket 
Motors and Exhaust Plumes”, Naval 
Postgraduate School, Monterey, CA, 1994. 


Page 72 


Journal of Pyrotechnics, Issue 15, Summer 2002 


A Note on the Design of 
Experiments 


L. Weinman 


Luna Tech, Inc., 148 Moon Drive, 
Owens Crossroads, AL, 35763, USA 


Introduction 


In this note, we will speak about the general 
design of an experiment and some factors to be 
considered. 


An experiment is used here to mean the de- 
liberate causing of some physical event com- 
bined with the taking of data related to the 
event and the reduction of the data to useful 
information. This definition does not preclude 
the repetition of an experiment, although good 
practice might include iterative modifications 
to better accommodate the goals of the experi- 
ment. 


A properly designed experiment will allow 
a maximum of useful information to be ob- 
tained and a low probability of lost data, 


Background 


The fundamental process of data acquisi- 
tion, reduction, and analysis is as follows: 

« A physical event occurs. 

- A transducer changes some physical 
manifestation of the event into a form that 
may be recorded. 

« A record is made. 

e The record is examined, and perhaps 
transformed in some way, and useful in- 
formation is obtained. 

In an ideal world, we would be able to di- 
rectly record every physical manifestation of 
any event with perfect fidelity, assign correct 
values, and obtain all the information that is 
desired and available. In the real world, as you 
might expect, things are a bit different. 
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Let us examine a few examples that will il- 
lustrate some of the problems. 


Investigator Desires To Find Out How 
Loud a Firecracker Report Is 


Simplest Method 

1) Light one firecracker. 

2) Retire to a safe distance. 

3) Listen to report of firecracker. 

4) Record in notebook—“medium loud”. 
Possible Advantages and Problems of 
Simplest Method 

1) Quick, easy, inexpensive. 


2) Firecracker used may not be representative. 
What if it fizzes and spins around on the 
ground? Does the investigator conclude that 
firecrackers don’t make a report? 


3) How does the distance affect the noise? What 
if the investigator knows that this firecracker 
will not hurt his fingers and holds it up to his 
ear? What if the safe distance is arbitrarily set 
to be 10,000 meters? 


4) Does the transducer (the ear of the investiga- 
tor) affect the result? What if the investigator 
is deaf? What if the investigator is only par- 
tially deaf? 


5) How useful is the result? 


More Complex Method 


1) Light 25 randomly selected firecrackers from 
the group of interest at 1-minute intervals. 


2) Retire to a distance of 10 meters. 


3) Panel of 25 firecracker aficionados, also lo- 
cated at 10 meters from the firecracker, listen 
to reports. 


4) Each member of the panel assigns a numeric 
value to the perceived loudness of each report. 


5) Write the individual reported values in note- 
book. 
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Possible Advantages and Problems of the 
More Complex Method 


1) Probably reasonable representation for this 
type of firecracker. 


2) Probably, but not necessarily, a good cross- 
section of transducers. 


3) Was the distance appropriate for the type of 
firecracker? 


4) Was the time interval sufficient to allow the 
transducers to “re-zero””? 


5) How does one calibrate each (set of) trans- 
ducer(s), such that each value reported may 
be compared? 


6) How does one report the results? What does 
“7.28” mean? 


More Sophisticated Modern Method 
Pre-test Section 


1) Gather available equipment to acquire, re- 
cord, and analyze the firecracker report. 


2) Investigate the strengths and limitations of 
the equipment. 


3) Perform at least a minimal analysis of the 
interactions between the physical event and 
the sequent measurements. 


4) Perform a minimal experiment (pre-test) to 
test the validity of step 3, and adjust as re- 
quired to stay within the calibration limits 
of the equipment. 


Sample notes from pre-test investigation of 
the equipment available: 


Microphone: linear response 60—140 dB; fre- 
quency response 5 to 30 KHz; output from mi- 
crophone amplifier 0.01 V/dB. 


Values for four firecrackers, measured at 2.5 
meters, were between 110 and 120 dB. 


Bits of debris were found at 4 meters. 


Digital oscilloscope (DSO) has input ranges of 
0-1 V, 0-5 V and 0-10 V; a maximum of 4000 
data points per trace; and time per point rates 
of 1, 2, 5, 10, 20, 50 x 10°° second. 


Computer still has 100 MB of storage space 
available. 
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Test Section 


1) Set up firecracker test stand and calibrated 
microphone at 5 meters horizontal distance, 
and 3 meters from ground. This will help 
avoid overloading microphone and possible 
damage from debris, set DSO to trigger from 
sound with a pretrigger of 2000 points, a sen- 
sitivity of 2 V full scale, and a time per point 
of 10° seconds. 


2) Fire and transfer to separate computer files the 
results of firing 20 randomly selected fire- 


crackers from the group of interest. 


— 


3) Assign time and dB values to each data point 
recorded. 


4) Obtain the statistics, and “interesting infor- 
mation” for each test, and for the test aggre- 
gate. 


5) Record the statistics and waveforms obtained 
in notebook. 


Why did we do this? 


From the capabilities of the equipment and the 
preliminary test, the following decisions were 
made: 


1) The microphone had an upper frequency re- 
sponse of 35 KHz, so that data would have to 
be taken at a minimum of 70,000 data points 
per second to be within the Nyquist limit, or 
an analog filter would have to be interposed 
between the microphone and the DSO. 


2 


— 


The next higher data rate available above 
70,000 points/second was _ 100,000 points/ 
second (10° seconds/point), which, for a 
maximum data collection length of 4000 
points, would allow a data collection time of 
0.040 seconds. 


3 


— 


The report of a firecracker seemed to take no 
more than 0.005 second, so that + 0.020 sec- 
onds from the trigger point would be more 
than enough data. 


4) The fuses on firecrackers are not sufficiently 
accurate in timing to allow triggering from 
fuse ignition, so data acquisition was trig- 
gered from the sound itself. 


5) Since we expected some variation in sound, 
we Set the sensitivity of the DSO to the next 
available range which would allow recording 
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any expected peaks without clipping and 
without sacrificing too much sensitivity. 


6) Data was transferred to a computer for 
semi-permanent storage because we don’t 
know ahead of time what we might see, un- 
expectedly, in the data. 


Since the cost of equipment is always a 
consideration for both the professional and 
non-professional, the author suggests that 
whatever money is available be spent as wisely 
as possible. In general, the author believes that 
this end is best achieved by obtaining, to the 
extent possible, equipment that is as flexible 
and precise as possible to allow for future uses 
that may be unseen at the present. 


At the present time, with judicious selec- 
tion, it is possible to obtain analog-to-digital 
data acquisition cards for use with an inexpen- 
sive computer. Many of these cards have multi- 
plexed inputs for multiple channels of single 
ended or differential input at cumulative rates 
well exceeding 100,000 samples per second 
with a 16-bit precision and cost less than 
US$500. Other cards may offer increased pre- 
cision, higher data acquisition rates, on-board 
signal conditioning, and other possibly useful 
features. It will usually be found that a work- 
ing knowledge of programming will greatly 
benefit the investigator’s equipment budget. 


Such a card and a very basic computer will 
allow many different sorts of potentially accu- 
rate measurements to be made. Furthermore, 
the data collected from such a system may be 
analyzed, massaged, tweaked, folded, spindled, 
and mutilated as much as the investigator de- 
sires, without ever losing the original data. 


An analysis of the entire system to be used 
in a particular experiment may also yield a 
way to achieve acceptable accuracy without 
resorting to other expensive equipment and 
calibration techniques. 
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Air Pollutant Emissions 
from Power Plants 


Martha Joseph,' Cynthia Johnston,” and 
Candice Smith” 


'Westminster College, New Wilmington, PA, USA; 
"Lebanon Valley College, Annville, PA, USA; 
+Wentzville Holt High School, Wentzville, MO, USA 


An examination of the issue of pollution re- 
sulting from fireworks displays in contrast to 
power plant emissions was chosen as a seminar 
topic during a pyrotechnic chemistry workshop, 
sponsored by the Partnership for the Advance- 
ment of Chemical Technology (PACT) at Miami 
University, Middletown, Ohio, July 2001. 


This brief article presents some of the infor- 
mation found while preparing that seminar. The 
following are some of the statements found in 
the literature regarding pyrotechnic pollution: 
The presence of heavy metals in harbor sedi- 
ments has been attributed, in part, to frequent 
fireworks displays over these bodies of water.'"! 
A study of the accumulation of heavy metals on 
the bottom of the World Showcase Lagoon at 
Walt Disney World’s EPCOT Center, Florida, 
included sampling done before the start of 
nightly pyrotechnic displays as well as contin- 
ued sampling during the succeeding decade."! 
Special effects during theatrical productions pre- 
sent potential health hazards to the audience”! 
The presence and persistence of pyrotechnically 
produced aerosols has provided the means to test 
instrumentation developed for monitoring air 
quality in real-time, or for on-line analysis of 
aerosols.'*°! The abundance of air-born particu- 
lates, attributed to fireworks by mass spectrome- 
try or by laser-induced breakdown spectroscopy 
analysis, increased around July 4, when fire- 
works are more frequently used.'*”! 


In an attempt to put the above concerns into 
perspective, US Environmental Protection 
Agency (EPA) data on emissions from fossil- 
fueled power plants were examined.'*! This EPA 
publication listed estimates of hazardous air pol- 
lutant (HAP) emissions from fossil fuel electric 
utility steam generating units. The results of 
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emissions test data from 52 units provided the 
basis for projecting average annual emissions 
for each of the 684 power plants. The data was 
obtained from extensive emission tests per- 
formed by Electric Power Research Institute 
(EPRI), Department of Energy (DOE), the 
Northern States Power Company, and EPA. 
Tables 21, 22, and 23 of the EPA publication 
listed the total inorganic HAP emissions from 
coal-fired, oil-fired, and gas-fired utility steam 
generating units, respectively. Tables 24, 25, 
and 26 of the EPA publication presented the 
total organic HAP emissions. The quantity of 
each type of fossil-fuel facility could not be 
found in the publication, so a listing of the 1990 
total emissions for each HAP for the three dif- 
ferent fuels burned is reported in Table 1 on the 
next page. The sum of these three fuels would 
be the estimated annual total for 1990 from all 
684 power plants. Since a typical pyrotechnic 
fireworks display lasts 20 minutes, the total 
pounds of each HAP that would be emitted 
during 20 minutes were calculated and are tabu- 
lated in Table 1 beside the annual average ton- 
nage per plant. 


It is hoped that the information about US 
power plant emissions will aid in assessing the 
relative contribution produced by fireworks. 
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Table 1. Emissions from Fossil-Fueled Electric Generation Plants. 


Coal-Fired | Oil-Fired |Gas-Fired| Total of all 684 Plants 
Inorganic HAPs tons tons tons Ibs/20 min 


Hydrogen chloride (HCl) 
Hydrogen cyanide (HCN) 240 


Hydrogen fluoride (HF) | 19500 | 144 Tt 
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dB | 98 | 037 


51 


fn EB Bm ie 


Carbon disulfide a oe a ee 
Carbon tetrachloride. eeeeeeueeeeee) sccugeuaecugecugeceeugeaueeuageugscusscesdeceucuseceneuseeesececeuseeeseeeees|ocescsccccsceesccececscgesucscuescas ghaneeeeneseeeeeseeeseeeeeseneseesecesecesdecescesceeecescenss 


Motenschoige ar are rere Meee acne cr ee eae ee Sec ecee el eae 


{137000 [2870 tl 


[6] 


11 0.84 
eee ne 
age ee 
eC eee 
eae 
see ae hee 
139870 | 10644.60 _ 
oe 
a ae a 
or ale 
oer Tee 
51.2516 | 3.90 __ 
oe 
eee 
ae 


2.13 
1.80 
2.82 || 
23 | 
26 | 
"45.22 
8.37 


The following article was reprinted from The 
Technology of Natural Resins, by C. L. 
Mantell, C. W. Kopf, J. L. Curtis, and E. M. 
Rogers, John Wiley & Sons, Inc. (1942) pp 
14-21. 


Chapter Ill — Accroides 


Gum accroides is the resinous product ob- 
tained from various members of the species 
Xanthorrhoea of the natural order Juncaceae, 
which occurs throughout Australia and Tasma- 
nia in red and yellow forms. The resin is also 
known as red gum, gum acaroid, grass tree 
gum, “Black Boy” gum, yacca or yacka gum, 
and Botany Bay resin. The last-named resin is 
relatively scarce. The yellow variety is the 
product of Xanthorrhoea hastilis. All other 
Xanthorrhoea trees yield the red resin. The 
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bulk, of commercial red gum is obtained from 
South Australia and Kangaroo Island and is the 
product of Xanthorrhoea tateana."'! 


The Xanthorrhoea trees grow slowly and 
usually attain a height of 7 or 8 feet before 
branching into a tuft of rushlike leaves about 
3 feet in length. The trunks are composed of a 
fibrous, pithy material surrounded by a jacket 
approximately 3-inches thick formed by the dying 
off of old rushlike leaves. The charring of this 
leafy jacket during forest fires leads to the name 
of “Black Boy”. 


The resin accumulates at the base of the dead 
leaves along the stem and is collected by strip- 
ping the enveloping husk from the core with an 
axe. Occasionally the husk may be sufficiently 
soft to permit easy removal, but more frequently, 
it is a hard coherent mass, which must be me- 
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chanically separated from the core. The pro- 
portion of resinous husk to the core, which 
varies with the season, is less in winter than in 
summer.'”! The cut should not be made directly 
to the core of the tree, as the leaf bases are then 
cemented together in large blocks that are sub- 
sequently rejected in the sieving operation. On 
the other hand, when a series of shallow cuts 
are made, the leafy bases are sufficiently re- 
duced in size to make separation from the resin 
difficult. The cutting requires considerable 
skill and should be to such a depth that the leaf 
bases separate readily. Chopping off the crown 
of the tree is the customary, though unneces- 
sary, practice. When the crown of the tree is 
uncut, removal of the husk seems to have little 
effect upon the tree, provided that sufficient 
resin is left to protect the core. Even when 
“lopped”, the tree frequently recovers. The 
husks fall into frameworks placed about the 
base of the tree. They are then collected and 
subjected to a sieving operation in a “jigger”, 
which removes most of the leaf bases and any 
large lumps of caked husk, as well as separates 
the resin into two grades. The jigger consists of 
an inclined sieve of wire netting (1/2 to 3/4-in. 
mesh) above an inclined metal sheet containing 
smaller perforations. A horizontal shaking mo- 
tion is imparted to the gratings while the husks 
are fed in through a hopper at the top. A win- 
nowing operation separates any leaf bases re- 
maining with the coarse gum."! 


The collection of accroides is subject to li- 
censing according to the district in which the 
resin is to be collected. The quantity of resin 
obtainable from an individual tree appears to 
vary with the species from which collected, 
and possibly with other factors. Estimates of 
different collectors vary from 2 to 4 pounds or 
lower to upwards of 40 or 60 pounds.***! A 
similar situation is met with the amount of 
resin collected per man per day. Estimates 
range from 25 to 100 pounds. 


The sieving and winnowing method of puri- 
fying accroides is subject to high losses of 
resin. Methods designed to avoid these losses 
have been studied. A procedure in which the 
mixed gum and leaf bases are placed on sieves 
in a steam-heated vat has been in commercial 
operation. The molten resin runs into trays and 
is later removed to cooling receptacles. Resi- 
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due from the screens is utilized as fuel. The 
product contains but little foreign matter and the 
yield of resin is increased by one-third over the 
jigger process, but the tree dies as the result of 
the lopping and stripping operations employed. 
The slow growth of the tree, however, makes it 
desirable that collection methods should not re- 
sult in its destruction. Solvent extraction meth- 
ods!” have also been employed for the purifica- 
tion of accroides. Patents'*! have been granted 
for a method of purification in which the resin is 
dissolved in a dilute alkaline solution, filtered, 
and then precipitated with acid. By proper con- 
trol of the temperature during precipitation, the 
resin is obtained in a granular condition, which 
can be easily handled. 


Approximately seventeen varieties of the tree 
are known, but commercial distinction is made 
only between the yellow and the more prevalent 
red gum. The gradings of accroides are accord- 
ing to color, particle size, and material, which is 
produced as a result of screening, with the com- 
mercial grades yellow, red gum coarse, and red 
gum powdered. The red gum is usually in the 
form of small dusty pieces of a reddish brown 
color, which is exported in bags of 140 pounds. 


Accroides differs from the other natural var- 
nish resins in that it contains appreciable quanti- 
ties of free benzoic and cinnamic acids and is 
thus closely related to the balsams. The resin is of 
the alcohol-soluble type and is insoluble in aryl 
and aliphatic hydrocarbons. Like the manilas, 
both varieties are soluble in alkali. The alcohol 
solution of red accroides gradually deposits ben- 
zoic acid upon standing. The yellow variety also 
contains benzoic acid obtainable by acidifying the 
alcohol solution with hydrochloric acid. 


The composition of yellow and red accroides 
has been studied by a number of investigators. 
The results obtained are listed in Table 3. Both 
varieties contain a resin-tannol, which yields 
picric acid upon nitration. The yield, which varies 
according to the species of Xanthorrhoea from 
which the resin is obtained, is of the order of 
50% for the yellow and from 5 to 50% for the 
red variety.'”! A number of processes have been 
suggested, and the preparation of picric acid and 
nitrophenols from accroides has been _pat- 
ented."°! Small yields and high nitric acid con- 
sumption do not permit economic competition 
with chemical production of picric acid from 
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Table 3. Chemical Composition of Accroides 


Constituent 


p-Coumaric acid HOCgH,CH:CHCOOH | | ~—___si These results are for red 


(p-oxycinnamic acid) 
Combined with benzoic 
and cinnamic acids and 
a tannol™! 


p-Oxybenzaldehyde"! 


HOCgH4CH:CHCOOH | | 


(p-oxycinnamic acid) 


CgHsCH:CHCOOH 


Styracin and probably the 
phenyl propyl ester of 
cinnamic acid! 


p-Oxybenzaidehyde and 
probably vanillin'*! 
p-Coumaric acid 

reel (p-oxycinnamic acid) 


ein CHCOOH 


if accroides, the characteristic 
resinotannol of which is 
erythroresinotannol, 


These results are for yellow 
accroides, the characteristic 

“| resinotannol of which is 

xanthoresinotannol, 


CcHsCH:CHCOOH 


Styracin 


[a] A. Tschirch and K. Hildebrand, Arch. Pharm., 234, 698 (1896). 


[b] Bull. Imp. Inst., 18, 155 (1920). 


See also: Nagai, Ber. 24, 2847 (1891); E. H. Rennie. W. T. Cook, and H. H. Finlayson, Trans Chem. Soc., 


117, 338 (1920); H. H. Finlayson, J. Chem. Soc., 


phenol or chlorobenzene. The belief has been 
expressed, however, that appreciable quantities 
of accroides were utilized for the preparation 
of explosives by Germany during the First 
World War. 


The constituents of accroides are also suit- 
able as the starting point in the synthesis of 
certain organic dyestuffs. Treatment with sul- 
furic acid or with sulfur in the presence of an 
alkali has been patented!’ as a means of 
producing brown and black dyes. 


Attempts to bleach accroides in a manner 
similar i shellac have been unsuccessful. 
Simion!”! reported the bleaching of red ac- 
croides in acid solution but found that the color 
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2763 (1926). 


returned upon standing. His alcoholic solution of 
the yellow resin gradually darkened to the color 
of the red gum solution when exposed to air. 
Gardner and Parkes!'*! applied the usual hy- 
pochlorite method for bleaching shellac to ac- 
croides but did not obtain satisfactory results. 


Penfold''*! studied the removal of coloring 
matter and insolubles from accroides by solvent 
extraction methods. He found that use of benzol 
as the solvent in a modified Scott extraction 
plant yielded a superior resin containing much 
less coloring matter and tannins than the crude 
resin. The product was stated to be directly ap- 
plicable to the resin industry without need for 
further bleaching or refining. The purified resin 
may be bleached directly with chlorine or in so- 
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lution by the use of peroxides. The bleached 
resin is stated to be suitable for the manufac- 
ture of sealing wax and pale ester gums. It was 
also reported that the process involved very low 
costs for fuel, power, and labor and that solvent 
losses were less than 1 percent of the charge 
treated. 


Accroides differs markedly from the other 
natural resins in that it is the only material, 
which, as marketed, is heat-reactive in a man- 
ner analogous to that of the heat-reactive phe- 
nol-formaldehyde resins. When heated to 
thermal processing temperatures, the resin is 
converted into hard, completely insoluble, and 
unusually resistant films. Manila and Congo 
copals possess similar properties under specific 
conditions, but not in the form in which they 
are marketed. Owing to its heat-reactive prop- 
erties, accroides is not adapted to the prepara- 
tion of oil varnishes. Accroides is compatible 
with cellulose acetate and cellulose nitrate, but 
not with ethyl cellulose. 


The low price and heat-reactive properties 
of accroides have a definite influence upon its 
commercial use. One application is as a binder 
in the preparation of wallboard. It is a substi- 
tute for rosin in paper coating and for shellac 
in spirit varnishes, lacquers, and printing inks. 
The resin is also used in the preparation of fin- 
ishes for cellulosic materials, metals, metal 
foil, and glass as well as in the preparation of 
molding powders from phenol-formaldehyde 
resins."'°! Livache and MclIntosh!''®! mention 
concentrated solutions of red accroides plasti- 
cized with castor oil or balsam as a red coating 
for windows of photographic laboratories to 
exclude the active rays of the sun. 
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Explosive Materials 


James R. Cook, PhD 
Vantage Press, NY [ISBN 0-533-13533-8], 2001 


Tom Smith 


6 Aragon Place, Kimbolton, Huntingdon, 
Cambs., PE18 0JD, United Kingdom 


This little volume, sensibly priced at 
$12.95, is a compilation of basic information 
and general characteristics of a range of explo- 
sives, based as the author acknowledges, on 
previously published data. After a brief general 
information chapter, it details the physical and 
explosive properties of nearly 50 explosives in 
the general categories: Low Explosives, Initiat- 
ing (Primary) High Explosives, Non-Initiating 
(Secondary) High Explosives, Binary Explo- 
sives and Special Explosives. Consolidated 
data (Name, Detonation Temperature and Rate 
of Detonation) follows and the book concludes 
with an excellent and comprehensive glossary. 


If I had two criticisms of this useful book, 
they would be: It only briefly mentions com- 
posite propellants and pyrotechnics, although 
in some respects these are the most widely 
used explosives and certainly deserve more 
space. Secondly, no doubt in order to conserve 
space, the text flows continuously, rather than, 
for instance, tabulating the data for each sepa- 
rate explosive ina common page layout. In this 
way, it is sometimes inelegant in the way that 
the information is presented. 


Nevertheless, this is a useful addition to any 
explosive specialist's library. I hope that a 
similar volume detailing the characteristics of a 
range of propellants and pyrotechnics may be 
forthcoming. 
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This Guide is the third in a series of four on 
the subject of personal protection for the explo- 
sives industry. Although this study encompasses 
the needs of other industries, the main focus is 
very relevant to the fireworks industry. Many of 
the detailed discussions of hazards considered in 
the Guide, cite hazards that fireworks manufac- 
turers, as well as, pyrotechnicians are actually 
exposed to. 


The first section discusses the details of Brit- 
ish law as it relates to protective clothing and 
headgear. Although the laws of Britain do not 
specifically address head and eye protection, the 
Guide discusses some laws that might remotely 
apply. The similarity between US and British 
laws make this section quite valuable. Many 
states are reviewing their fireworks regulations, 
and the NFPA continues to develop guidelines 
that many state legislatures have adopted. Nei- 
ther the US nor the UK has included specific 
standards for head and eye protection in their 
regulations. 


After stressing the preference for avoiding 
the need for the protective gear, several detailed 
measurements describe protection from a variety 
of dangers. Many of the dangers described po- 
tentially might be encountered by pyrotechni- 
cians—such as high speed particles the size of a 
large firework star or radiant heat as encountered 
by a fireworks manufacturer, and these are use- 
ful in developing standards for the protective 
gear needed. 
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The text emphasizes company training of 
workers and a company expectation that work- 
ers will use safety equipment and conduct 
themselves in a way to keep them safe. The 
Guide provides an outline of a training seg- 
ment that easily could be included with general 
staff training. 


The risk assessment in the appendix is an 
excellent Guide for fireworks companies to use 
when reviewing general safety in their ware- 
houses and plants, as well as, outfitting and 
training their staff. The examples suggest ways 
to evaluate worker’s risk in different activities 
and some of the responsibilities the worker and 
the company might have. 


The Guide addresses the concerns from the 
users’ perspective and considers the protection 
as well as the activities the user will have to 
perform while wearing the gear. They ac- 
knowledge that, regardless of any regulations 
that might be developed, protective clothing 
that is uncomfortable will distract the user and 
often will be removed. Several valuable sug- 
gestions are made regarding different methods 
for the protective equipment to protect the 
user, and how the user can work with the pro- 
tective clothing to adapt it for the maximum 
comfort and effectiveness. This well thought 
out discussion shows that the writers under- 
stands the reality of the diverse activities con- 
ducted by the pyrotechnician and fireworks 
manufacturer, as well as the restrictions that 
can be created for the user with the wrong 
equipment. 


The Guide suggests that there are several 
ways to address the worker’s risk and does not 
make a specific recommendation as to the type 
of protection needed. The reader is guided to 
make their own decisions based on their needs. 
The Guide states that protective gear, specifi- 
cally designed for the explosives industry, is 
not currently being sold. This could be a good 
opportunity for safety equipment manufacturers 
to develop something the explosives industry 
would want or need to buy. This Guide could 
also serve as a handbook for what needs to be 
considered in designing protective gear. 


The bibliography includes studies done by 
other industries regarding protective equip- 
ment and chemical risk protection. 
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Review of 
Protection against 
Substances Hazardous to 
Health 


Confederation of British Industry 


Explosives Industry Group, 2001 
[ISBN — not assigned yet] 


Monona Rossol, M.S., M.F.A., Indust. Hyg. 
81 Thompson St. #23, New York, NY 10012, USA 


This Guide was produced by a joint working 
party of the Explosives Industry Group of the 
Confederation of British Industry, including the 
Ministry of Defense and the Health and Safety 
Executive. Its purpose is to provide advice to 
those who manufacture, store, transport by road, 
test, supply, use or undertake the disposal of ex- 
plosives and explosives articles and substances 
in Great Britain on the selection of personal pro- 
tective equipment (PPE) to be used against sub- 
stances hazardous to health. 


Of special interest to me is that their state- 
ment of purpose goes on to include protection 
from both the toxic chemicals used in the manu- 
facture of explosives and pyrotechnics and from 
the smoke and byproducts created during use. 
As such, this guide supports my personal quest 
to have protection against these byproducts in- 
cluded in the National Fire Protection Associa- 
tion’s (NFPA 1126) Standard for the Use of Py- 
rotechnics before a Proximate Audience. 


Regulatory Structure. The Guide places all 
its recommendations within the regulatory struc- 
ture in the UK. It provides a flow diagram show- 
ing how 10 different laws harmonize with the 
1974 British Health and Safety at Work Act 
(HSWA) and jointly impact all aspects of explo- 
sive work. 


I found it fascinating to compare the UK rules 
with those in the US. Most of the rules are simi- 
lar, but there were some striking differences. For 
example, our Occupational Safety and Health 
Administration (OSHA) only addresses protec- 
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tion for workers while the UK’s HSWA places 
duties on employers and the self employed to 
protect people other than employees. This may 
even require employers to provide visitors with 
personal protective gear, information, instruc- 
tion and training. US companies are only 
bound by corporate liability for visitors’ inju- 
ries. 


In another example, the self-employed in- 
dividual, who in the US has a tendency to slip 
below some regulatory radar lines, must com- 
ply with the UK’s Control of Substances Haz- 
ardous to Health Regulations as if that person 
were both an employer and an employee. 


However, the crucial and pivotal difference 
between our laws involves risk assessment. 


Risk Assessment. The Guide states that: 


The first duty of the employer under the 
Management of Health and Safety at 
Work Regulations 1999 is to undertake a 
risk assessment to clearly define the 
source and nature of all potential hazards 
and people who may be affected by them. 
This assessment must be performed and 
significant findings recorded by a person 
or persons who are adequately trained 
and competent to perform such duties. 


The clear requirement to have a person quali- 
fied to make the risk assessment is not in- 
cluded in the US personal protective equipment 
regulation, which reads: 


132(d)(1) Hazard assessment and equip- 
ment selection. 

(1) The employer shall assess the work- 
place to determine if hazards are present, 
or are likely to be present, which necessi- 
tate the use of personal protective equip- 
ment (PPE). 


and 


(2) The employer shall verify that the re- 
quired workplace hazard assessment has 
been performed through a written certifi- 
cation that identifies the workplace 
evaluated, the person certifying that the 
evaluation has been performed; the 
date(s) of the hazard assessment; and 
which identifies the document as a certi- 
fication of hazard assessment. 
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I believe that this wording in the US rules 
explains the common practice of employers 
choosing the wrong PPE and/or delegating risk 
assessment and selection of PPE to workers with 
no formal safety training. In 25 years of work- 
place inspections, it is rare that I have not seen 
chemical splash goggles used for impact protec- 
tion, the wrong gloves used for chemical resis- 
tance, and other violations of the PPE rules. 


The US Respiratory protection regulations do 
indicate that training is needed. In 29 CFR 
1910.134(c) it states: “The program must be ad- 
ministered by a suitably trained program adminis- 
trator.” However, many schools and theaters, at 
which I have consulted, interpret this to mean 
that any trained “administrator” can do the job. I 
routinely see human resources administrators, 
technical directors, and teachers doubling as 
safety directors. 


Evidence that OSHA agrees with UK regula- 
tors that professionals should be in charge of 
safety was seen on February 13, 2002 when 
OSHA announced a settlement agreement with a 
pyrotechnics and explosives manufacturer. The 
company, which logged 5 deaths from flash fires 
since 1991, was fined $832,000. Then OSHA 
worked out a settlement in which the company 
would pay only $300,000 in penalties provided 
the manufacturer: 


¢ hires a third-party certified safety or health 
professional consultant to audit their work- 
place every year for the next three years 
and follows their recommendations; 

- hires a full-time safety and health director 
who has both training and experience in 
safety and health who will report directly to 
the company president, and who will have 
authority to “do whatever is necessary to 
ensure compliance with applicable OSHA 
standards including, but not limited to, shut- 
ting down operations,” and 

¢ meets other compliance program and train- 
ing rules." 


Toxic Substance Exposures. The Guide ex- 
plains that the UK’s Control of Substances Haz- 
ardous to Health Regulation (COSHH) defines 
and sets limits for toxic substance exposure. The 
COSHH sets two types of limits: 
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e The Maximum Exposure Limits (MEL), 
which are set for substances that may cause 
the most serious health effects such as can- 
cer or occupational asthma and for which 
“safe” levels of exposure cannot be deter- 
mined. The workplace air must not exceed 
this level and it should be reduced as far 
below this level as reasonably practicable. 

¢ The Occupational Exposure Standards 
(OES) which are based on current scien- 
tific knowledge and which indicate there 
is no risk to the health of workers exposed 
to that level of inhalation day after day. 


The COSHH defines a toxic substance as: 


¢ a substance listed as dangerous in any of 
the applicable regulations as very toxic, 
toxic, harmful, corrosive or irritant, 


substances that have a Maximum Expo- 
sure Limit (MEL) or an Occupational Ex- 
posure Standard (OES), 


¢ a biological agent, 


dust of any kind when present at a concen- 
tration in air equal to or greater than an 8- 
hour, time weighted average of either 
10 mg/m’ for inhalable dust’! or 4 mg/m* 
for respirable dust,!! or 

e a substance of any kind that is not men- 
tioned in any of the rules but which cre- 
ates a hazard to people’s health which is 
comparable with the hazards created by 
substances mentioned in the acts above. 
“These will include any substances gener- 
ated as a by-product of the process.”"”! 


Selection of Equipment. The UK standards 
for the use of PPE are covered—respirators, 
hand protection, eye protection, body and foot 
protection. And since static electricity can trig- 
ger explosions of some pyrotechnic materials, 
the choice of gear, especially clothing, must 
also consider this factor. 


Training. Users (including visitors) must be 
trained to wear their PPE whenever and wher- 
ever this is required to protect them. Users 
must also be given appropriate information, 
instruction and training by a competent person 
on the requirements and reasons for using PPE, 
how to obtain and fit PPE, how to store, check, 
care for, clean and dispose of PPE, and more. 
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Most of these rules are similar to US regulations 
for PPE and respiratory protective equipment. 


Risk Assessment Examples. Annex (Appen- 
dix) 3 of the document provides examples of risk 
assessments. In each case a “Potential Severity 
Rating” and a “Probability Frequency Rating” 
are determined and a matrix used to determine 
the actions that should be taken. The actions often 
involve personal protective equipment, ventila- 
tion, and other engineering controls. There are 
five case examples: 


1) fluon (a fluorocarbon polymer) sieving in an 
explosives factory 


2) manufacture of red phosphorus sheet in an 
explosives factory 


3) firing flash powder effects in a theater 


4) cleaning a settlement tank in an explosives 
factory 


5) testing fireworks in an outdoor test facility 


Theater Example. While all the risk assess- 
ments are useful in understanding the process, 
Example 3, “firing flash powder in a theater” 
covers the most diverse problems. The assess- 
ment begins by identifying the hazards as: 


a) Hazardous Substances: The smoke pro- 
duced on firing a flash powder effect may 
contain chemicals including carbon mon- 
oxide, carbon dioxide, hydrogen chloride, 
nitrogen [oxides], heavy metals (in the 
case of coloured flash effects) and alumi- 
num/aluminum oxide dust and fume. 


b) Other Hazards: On firing, the immediate 
area around the effect is subject to brief, 
but intense heating; the flash pot / cartridge 
may remain smouldering or even catch 
light after firing; noise on firing, particu- 
larly with fine grained flash powder that is 
used to produce an accompanying report 
with the flash effect. 


It also looks at the people who are affected. 


Directly: 10 performers on stage and up 
to 4 crew members working backstage. 


Indirectly: All cast and crew member in 
addition to the audience. 


The frequency and the severity of the expo- 
sures are assessed for a sequence that is fired 
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three times during each performance in daily 
evening performances and in Wednesday and 
weekend matinees. It is determined that the 
OES for respirable aluminum and aluminum 
oxide dusts could be exceeded causing possi- 
ble respiratory complaints. Other products in 
the smoke may cause irritation to the eyes and 
throat. Heat, noise, potential fires, and electri- 
cal hazards are also assessed. 


A matrix is set up that ranges from | to 36 
representing conditions from “Low Risk” (1 to 
4) to conditions under which the employer 
should “Stop Work Immediately” (18 to 36). 
Without controls, the assessment for this in- 
door pyrotechnic work is found to be 16, 
which meant the “Risk is high, [and] immedi- 
ate corrective action is required.” 


The next section discusses engineering con- 
trols. In this hypothetical theater, there is an 
extraction fan system in the fly that will draw 
the smoke away from the audience, up into the 
fly, and exhaust it from the roof. The risk is 
reduced from a high risk (16) to 8, a “Me- 
dium” risk by insuring that: 


e the extraction system is used at all times 
when the pyrotechnics products are used; 


fire fighting measures are in place; 


insuring electrical firing systems meet 
guidelines; 

* pyrotechnic storage is appropriate and lim- 
ited to small quantities; and 


all scenery on and around the area is treated 
with fire-resistant materials, and props 
(which do not come under the fire-retardant 
rules) are not positioned near the effects. 


A drawing of the theater and the direction 
of air flow is shown. The Guide also states 
“The effectiveness of the extraction system is 
to be tested before and during rehearsals, by 
test firing the effects that are to be used during 
the performances. More elaborate smoke tests 
may be carried out if required.” 


This kind of exhaust fan system does exist in 
some US theaters and in some cases, there are 
fire fans which can be activated under certain 
circumstances. But in most US theaters, I fear, 
the risk would still be rated in the “high” range 
under the UK system. 


Summary. This Guide is a clearly written out- 
line of the British safety regulations and protec- 
tive equipment rules as they apply to pyrotech- 
nics and explosives. Although produced primarily 
for an overseas audience, the publication con- 
tains a wide range of useful information relating 
to the health protection of those working with 
explosives. In my opinion, some of these rules 
should be incorporated into US regulations and 
standards, including 1) placing the onus on the 
employer to protect non-workers as well as em- 
ployees, 2) requiring formal risk assessment by 
trained safety personnel, and 3) considering the 
byproducts of the pyrotechnic reaction in any 
risk assessment. 
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Other CBI Guides 


Four Guides have been produced by the Con- 
federation of British Industry (CBI). Their titles 
are: 


1) Fire Protective Clothing: A Guide for Those 


4) Protection Against Substances Hazardous to 
Health (March 2001) [ISBN not allocated] 
{Reviewed in current issue of J Pyro.}. 


The guides each cost £11 (approx. US$18). 
Further details concerning exchange rate, post- 
age, etc. can be obtained by contacting: 


Who Manufacture or Store Pyrotechnics or 
Propellants (November 1995) 


LISBN 0 85201 513 5] 


{Reviewed in J Pyro., Issue 9 (1999)}. 


2) Hearing Protection: A Guide for Those Who 
Manufacture, Test or Use Explosives 
(August 1997) [ISBN 0 85201 548 8] 
{Reviewed in J Pyro., Issue 10 (1999)}. 


3) Head and Eye Protection: A Guide for 
Those Who Manufacture, Test or Use Explo- 
sives (May 1999) [ISBN not allocated] 
{Reviewed in current issue of J Pyro.}. 
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